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ABSTRACT 9 
Sorption is an effective, reliable, and environmentally friendly treatment process for the 10 
removal of phosphorus from wastewater sources which otherwise can cause eutrophication 11 
of receiving waters. Phosphorus in wastewater, if economically recovered, can partly 12 
overcome the future scarcity of phosphorus resulting from exhaustion of natural phosphate 13 
rock reserves. The authors present a comprehensive and critical review of the literature on 14 
the effectiveness of a number of sorbents, especially some novel ones that have recently 15 
emerged, in removing and recovering phosphate. Mechanisms and thermodynamics of 16 
sorption, as well as regeneration of sorbents for reuse using acids, bases, and salts, are 17 
critically examined.  18 
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1. Introduction 58 
Globally, clean water for domestic, agricultural, and recreational uses, as well as for 59 
potable supply, is increasingly endangered due to water pollution, climate change and rising 60 
human needs. Stringent legislation and regulations exist in many countries to reduce 61 
pollutants bolstered by anthropogenic activities that thresten natural water bodies. Because of 62 
the limited availability of high quality water resources, reclamation and reuse of treated 63 
wastewater have become important in the sustainable management of this natural resource. 64 
Phosphorus (P) is a major nutrient contaminant in water. It enters water bodies 65 
through mining, industrial and agricultural activities, and sewage discharges. Excessive 66 
concentrations of P in water cause eutrophication (Hussain et al. 2011; Paleka and Deliyanni 67 
2009; Xu et al. 2010a), which is defined as the enrichment of water bodies by nutrients and 68 
the consequent deterioration of quality due to the luxuriant growth of plants such as algae and 69 
its repercussions on the ecological balance of the waters affected (Yeoman et al. 1988). 70 
Although both nitrogen (N) and P are considered to be the limiting nutrients for 71 
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eutrophication, some algae are efficient in the fixation of atmospheric N and hence P often 72 
becomes the potentially limiting nutrient in freshwaters (Yeoman et al. 1988; Zeng et al. 73 
2004). In advanced stages of eutrophication, dissolved oxygen can become depleted to 74 
dangerously low levels causing fish death when algae decay (Awual et al. 2011; Long et al. 75 
2011). The large algae biomass produced by eutrophication can also affect water treatment by 76 
blocking filters or passing through them causing bad odour and taste in treated water 77 
(Collingwood 1977). Blue-green algae can produce compounds that are toxic to fish and 78 
other aquatic life (Davis 1980). These conditions are also potentially risky to human health, 79 
resulting from consumption of shellfish contaminated with algal toxins or direct exposure to 80 
waterborne toxins (EPA 2009). 81 
To control eutrophication the US EPA has recommended that total P should not 82 
exceed 0.05 mg P/L in a stream at a point where it enters a lake or reservoir and should not 83 
exceed 0.1 mg/L in streams that do not discharge directly into lakes or reservoirs (Mueller 84 
and Helsel 1996). The European Union (EU) considers that the cut-off for total P 85 
concentration between at risk and not risk of eutrophication in lakes is < 10 µg/L to > 100 86 
µg/L, and for rivers, total P concentration below 0.01-0.07 µg/L is considered excellent 87 
waters (European Commission 2009). The Australian and New Zealand water quality 88 
guidelines recommend that Australian upland rivers, depending on the region, should have a 89 
total P concentration < 0.01-0.02 mg P/L, low land rivers < 0.005-0.01 mg P/L, freshwater 90 
lakes and reservoirs < 0.01-0.025 mg P/L, and estuaries < 0.02-0.10 mg P/L (ANZECC 91 
2000). The corresponding limits for New Zealand are 0.026 mg P/L for upland rivers and 92 
0.033 mg P/L for lowland rivers (ANZECC 2000).  93 
Phosphorus commonly originates from human and animal wastes, food-processing 94 
effluents, commercial fertilisers, agricultural land runoffs and household detergents. In water 95 
and wastewater, P is present in the form of orthophosphate, polyphosphates and organic 96 
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phosphorus. Polyphosphates and organic P are converted to orthophosphate by hydrolysis/or 97 
microbial mobilisation (Weiner 2008). Orthophosphate is soluble and considered to be the 98 
only type of P that is directly assimilated by most plants, including algae. Due to their strong 99 
adsorption onto inorganic particles they also occur adsorbed onto particulate 100 
matter/sediments in water. A proportion of P in detergents and cleaning compounds contains 101 
tripolyphosphate, which is slowly mineralised to orthophosphate (Zhou et al. 2011). Early 102 
work by Clescere and Lee (1965) showed that the hydrolysis of condensed phosphates to 103 
orthophosphate can take hours or days in the presence of various microorganisms. The 104 
chemical form and ionic charge of orthophosphate change with the pH of water in accordance 105 
with their pK values (pK1 = 2.15, pK2 = 7.20, pK3 = 12.33) (Chitrakar et al. 2006b; Streat et 106 
al. 2008; Weiner 2008). The pH also influences the surface charge characteristics of soils and 107 
sediments, thereby controlling P sorption onto these materials. Raising pH decreases the 108 
positive charges and increases the negative charges on the surfaces of soils and sediments, 109 
affecting the energies (coulombic attraction vs coulombic repulsion) of P binding. 110 
Consequently, pH is expected to influence the physicochemical behaviour of P in water. 111 
  112 
 Phosphorus in wastewater sources must be removed or reduced to avoid 113 
eutrophication of receiving waters such as rivers and lakes. The ecological recovery of the 114 
receiving water bodies after prolonged eutrophication can be very slow even after the 115 
solution P is reduced (Vollenweider 1968; Yeoman et al. 1988). This is because much of the 116 
P may be temporally trapped in the sediments in water bodies and released slowly into the 117 
water.  118 
Phosphorus removed from water can be a source of raw material for the phosphate 119 
industry, especially the production of phosphate fertilisers for agriculture. If a successful 120 
method is developed for effective and economical recovery of P, the current thinking that P is 121 
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a contaminant will change to one that deems it is a resource. This view has increased in 122 
recent years because some have argued that P is a limited and non-renewable resource and 123 
the reserves of high grade phosphate rock that are used to make phosphate fertilisers will be 124 
largely exhausted before the end of this century, unless another source of high-grade 125 
phosphate is identified (Cordell et al. 2011; De-Bashan and Bashan 2004; Isherwood 2000). 126 
However, others have reported that, assuming current rates of production, phosphate rock 127 
concentrate will be available for the next 300-400 years (Van Kauwenbergh 2010). 128 
A recent global P scenario analysis indicates that meeting the increasing long-term P 129 
demand would require cutting the projected demand by two-thirds through more efficient use 130 
of P and meeting the remaining third through a high recovery rate of P from human excreta, 131 
manure, food waste and mining waste (Cordell et al. 2011). A significant proportion of P in 132 
these materials, especially human excreta and manures end-up in wastewaters (e.g. dairy shed 133 
effluent, municipal discharges). Devising suitable technologies to effectively recover P from 134 
wastewater could significantly contribute to meeting the future P demand. In some countries, 135 
attempts have already been made to recover P from wastewater in the form of struvite and 136 
hydroxyapatite and to use them as fertiliser (De-Bashan and Bashan 2004; Le Corre et al. 137 
2009; Midorikawa et al. 2008). 138 
There are numerous methods for removing phosphate from water (Fig. 1). Of these, 139 
the sorption process is generally considered to be an effective water treatment option because 140 
of convenience, ease of operation, simplicity of design and economics, provided low-cost 141 
sorbents are used (Bhatnagar and Sillanpää 2011). (As the phosphate removal mechanism is 142 
not always at the surface of the sorbent, the term ‘sorption’ is used in this paper to denote 143 
phosphate removal both at the surface and interior of the sorbent). However, sorbents are not 144 
commonly used in wastewater treatment plants due to the necessity to regenerate sorbent, and 145 
discharge the regeneration solution. With more emphasis on recovering the removed 146 
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phosphorus and the need for very low P concentration in the effluent, sorption is an attractive 147 
process for wastewater plants in the future. Sorbents are used as filter media in filter-based 148 
systems and as bed media in constructed wetlands. After a period of usage they become 149 
saturated with phosphate and their efficiency of phosphate removal decreases. At this point 150 
the sorbent can either be used directly as a source of P if it has no contaminants or can be 151 
regenerated by removing the adsorbed phosphate. The phosphate so removed can be 152 
recovered by precipitation with calcium/or magnesium salts and employed as phosphate 153 
fertilisers. Alternatively they can be diluted with irrigation water for fertilising irrigated 154 
crops.  155 
Although there have been several reviews on the removal of pollutants from water 156 
and waste water (see references in this paragraph), to our knowledge no comprehensive 157 
review on removing phosphates from water and wastewater by sorption process has been 158 
published. One exception is that by Westholm (2006), which covered many sorbents but not 159 
ones extensively researched in recent times (e.g. layered double hydroxides). Early reviews 160 
on this subject focused on the removal of phosphates by chemical precipitation, biological 161 
treatment and constructed wetlands (De-Bashan and Bashan 2004; Le Corre et al. 2009; 162 
Morse et al. 1998; Yeoman et al. 1988). Some reviews concentrated only on specific types of 163 
sorbent such as red mud (Wang et al. 2008), layered double hydroxides (Goh et al. 2008) or 164 
low-cost sorbents (Gupta et al. 2009). This paper presents a critical and comprehensive 165 
review of the literature on the effectiveness of various sorbents, especially those that have 166 
emerged in recent years, in removing and recovering phosphate from water. The mechanisms 167 
and thermodynamics of sorption/desorption of phosphate during the removal and recovery 168 




2. Sorption mechanisms 171 
 The capacity, energy and kinetics of sorption of phosphate are controlled by the 172 
mechanisms of sorption. Understanding the mechanisms can provide useful information on 173 
the optimisation of the sorption process and the subsequent desorption/regeneration process. 174 
There are five mechanisms of phosphate sorption: (1) ion exchange (outer-sphere surface 175 
complexation), (2) ligand exchange (inner sphere surface complexation), (3) hydrogen 176 
bonding, (4) surface precipitation, and (5) diffusion into the interior structure of the sorbent. 177 
The predominant type of mechanism operating in a sorption process depends on the physical 178 
and chemical characteristics of the sorbent and the environmental/operational conditions. The 179 
five mechanisms are briefly discussed below and summarised in Fig. 2. 180 
 181 
2.1. Ion exchange 182 
 Ion exchange is a stoichiometric process where any counter ion leaving the ion 183 
exchange surface (diffuse double layer) is replaced by a chemically equivalent number of 184 
another counter ion to maintain electro-neutrality of the ion exchanger. In other words, one 185 
ion is sorbed onto and another ion is desorbed from the sorbent or ion exchanger. In this 186 
paper, ion exchange is considered to be a type of sorption unlike some others where they are 187 
treated separately. The force of attractive between the ion and the sorbent is coulombic or 188 
electrostatic and the sorption process is reversible. The ions are sorbed physically by fully 189 
retaining their inner hydration shell. Ion exchange materials or sorbents tend to prefer counter 190 
ions of higher valency, higher concentration and ions of smaller hydrated equivalent volume 191 
(Helfferich 1995). Phosphate exchange with chloride ion in an ion exchange resin and layered 192 




2.2. Ligand exchange 195 
 In ligand exchange the sorbing anion such as phosphate forms a covalent chemical 196 
bond with a metallic cation at the sorbent surface resulting in the release of other potential 197 
determining ions such as OH ions previously bonded to the metallic cation. Thus phosphate is 198 
said to form an inner sphere complex at the sorbent surface. The sorption creates a negative 199 
charge on variable charge surfaces, thereby shifting the zero point of charge to a lower pH 200 
(Fig. 3). The development of spectroscopic techniques such as X-ray absorption fine structure 201 
(EXAFS) spectroscopy, fourier transform infrared (FTIR) spectroscopy and X-ray 202 
photoelectron (XPS) spectroscopy and their application to ion sorption process during the last 203 
decade has provided useful information on the structure of the surface complex at the 204 
molecular level (Elzinga and Sparks 2007; Sparks 2001).  205 
 Ligand exchangers have the particular advantage of combining high sorption capacity 206 
with high selectivity for the anions. These exchangers can remove large proportions of anions 207 
having higher selectivity for sorption from very dilute solutions of the anions even in the 208 
presence of competing anions of lower selectivity.  Examples of the phosphate sorption 209 
process following ligand exchange mechanism are presented in Fig. 2 for metal oxide 210 
sorbents commonly used for removing phosphates from water (Antela et al. 2005; Deliyanni 211 
et al. 2007; Kasama et al. 2004; Xue et al. 2009; Yan et al. 2010; Zhang et al. 2009, 2011). 212 
 213 
2.3. Hydrogen bonding 214 
 Hydrogen bonding (H bonding) is a strong dipole-dipole attractive force between 215 
bonding of the strong electropositive H atom in a molecule in a sorbent or sorbate and a 216 
strong electronegative atom such as oxygen in another molecule (Weiner 2007). However, 217 
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the energy of sorption in H bonding is weaker than in the inner sphere complex formation in 218 
ligand exchange. H bonding occurs in the sorption of phosphate on metal oxides (see Fig. 2 219 
of ligand exchange) and organic molecules (Saha et al. 2009). 220 
 221 
2.4. Surface precipitation 222 
 Sorption of phosphate is commonly measured by the decrease in the amount of 223 
phosphate in solution phase after a period of time the solution was in contact with the solid 224 
phase. The decrease in phosphate content, results not only from sorption but also from 225 
precipitation of phosphate in solution phase if the product of the solution concentrations of 226 
the constituents of the precipitate exceeds the solubility product of the precipitate.  227 
Surface precipitation of metal phosphates can occur even at solution concentrations of 228 
phosphate and metals lower than those expected to form metal precipitates in solution phase 229 
according to the thermodynamic solubility product principle (Sparks 2001). In such cases, a 230 
finite volume adjacent to the mineral surface exists that is oversaturated with respect to 231 
precipitate formation (Ford 2006). X-ray diffraction and scanning electron microscopic data 232 
provided evidence for the formation of surface precipitates of phosphate compounds of Ca, 233 
Fe, Al, and Zn on sorbents containing components of these metals (Bowden et al. 2009; 234 
Khadhraoui et al. 2002; Koilraj and Kannan 2010; Oguz 2005; Roques et al. 1991) (Fig. 2). 235 
Using scanning electron microscopy, Nagamine et al. (2003) showed that when a phosphate 236 
solution was mixed with an equal volume of a CaCl2 solution having the same concentration 237 
as phosphate with pH adjusted to 8.8 to 9.0 and passed through a macroporous TiO2, calcium 238 
hydroxyl phosphate was crystallised inside the pores. The phosphate sorbed to TiO2 in the 239 




2.5. Diffusion 242 
 Sorption of phosphate on many microporous sorbents (e.g. hydrous metal oxides, 243 
especially those having amorphous structure) is recognised as a 2-step process: firstly, an 244 
initial rapid sorption (within an hour) that reaches a pseudo-equilibrium at the solid-solution 245 
interface; and secondly, a much slower process (days to months) where the phosphate ions 246 
move by intra-particle diffusion into the interior pores and channels of the sorbent (Trivedi 247 
and Axe 2006) (Fig. 2). For example, studies on removal of phosphate from aqueous 248 
solutions by date palm fibres showed that phosphate moved into the internal cells of the 249 
fibres by diffusion (Riahi et al. 2009). Evidence for this process was provided by scanning 250 
and transmission electron microscopy and energy dispersive spectroscopy. 251 
 Intra-particle diffusion rate is directly related to the square root of time of sorption. 252 
Therefore if a straight line relationship is obtained between the rate of sorption and square 253 
root of time at longer times of sorption it can be inferred that the diffusion process controls 254 
sorption at these times. Such a relationship was found in many studies concerning the 255 
sorption of phosphate on different sorbents (Anirudhan and Senan 2011; Babatunde and Zhao 256 
2010; Benyoucef and Amrani 2011; Long et al. 2011; Zach-Maor et al. 2011). 257 
Outer-sphere (ion exchange) and inner-sphere (ligand exchange and H-bonding) 258 
sorption processes (Fig. 2) are also known as non-specific and specific sorption processes, 259 
respectively. There are differences in these processes according to Bolan et al. (1999), and 260 
they are presented in Table 1.  261 
 262 
3. Sorption efficiency measurement methods 263 
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 Numerous sorbents have been used to remove phosphate from water (Table 2-5). The 264 
efficiency of removal by not only different but also similar adsorbents varies widely 265 
depending on the chemical and physical characteristics of the sorbents (surface functional 266 
groups, surface area, porosity), environmental conditions such as pH, solid/solution ratios, 267 
competitive ions present in solution, temperature and method used for determining sorption. 268 
Studies do not always report such information and sometimes this makes it difficult to 269 
compare the removal efficiencies of sorbents.  However, if a number of studies on the same 270 
sorbent were carried out, an assessment can be made on the efficiency of the sorbent based on 271 
the average results of the studies as suggested by Westholm (2006). In addition to removal 272 
efficiency, other factors such as sorbent cost, local availability and regeneration potential 273 
need to be considered in the selection of the most appropriate sorbent. 274 
 Assessment of the phosphate sorption efficiencies of sorbents is generally based on 275 
two types of investigations: static batch sorption and dynamic column leaching studies. These 276 
methods and a continuous-flow stirred tank reactor method are discussed below. 277 
 278 
3.1. Batch method 279 
 In a batch system, predetermined amounts of an sorbent are mixed with solutions 280 
containing a known of concentration phosphate in containers for a given contact period and 281 
subsequently the sorbate is separated by sedimentation or filtration. The liquid phase 282 
phosphate is then analysed to determine the amount sorbed. The batch mode of sorption is 283 
static and conducted in closed system and therefore the data obtained are generally not 284 
applicable to most real systems. However, the method is simple and quick information can be 285 
obtained on the effects of many solution variables on sorption by conducting a number of 286 
batches of sorption experiments simultaneously. The batch method is used mainly to examine 287 
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the mechanism of sorption and to compare the sorption capacity of various sorbents. Perhaps 288 
for these reasons most studies reported in the literature used the batch method (Tables 2-5). 289 
 Data obtained from batch experiments have generally been fitted to sorption models 290 
such as Langmuir, Freundlich, Temkin, Redlich-Peterson, Langmuir-Freundlich equations 291 
(e.g. Hamoudi et al. 2007; Zeng et al. 2004). Furthermore, information on maximum sorption 292 
capacities has been obtained to compare the efficiencies of phosphate removal using different 293 
adsorbents. Langmuir and Freundlich models proved to be satisfactory in describing the 294 
sorption process in a majority of the studies (Tables 2-5). Time-wise sorption data obtained 295 
from these studies have been fitted to kinetic models such as pseudo-first order, pseudo-296 
second order, Elovich and diffusion models; these provided information on the possible 297 
mechanisms of sorption. Of these models the pseudo-second order model has been found to 298 
fit the sorption data in most of the studies (Tables 2-5). 299 
   300 
3.2. Column method 301 
 In most large-scale applications of the sorption process, water flows continuously 302 
through a column of sorbent or a packed bed where dynamic sorption of phosphate and other 303 
solutes occurs. The column operation allows efficient utilisation of the sorptive capacity than 304 
the batch process (Akratanakul et al. 1983; Faust and Aly 1987; Tor et al. 2009). Akratanakul 305 
et al. (1983) explained this as due to the amount of ions in solution phase decreasing with 306 
time as more and more ions are sorbed in the closed batch system whereas in flow systems, 307 
the sorbent is exposed to the same concentration of sorbate at all times. They also reported 308 
that the maximum amount of ions that are exposed to the sorbent in a batch system is equal to 309 
the product of concentration and volume. In a dynamic system, the product of concentration, 310 
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flow rate, and exposure time gives the amount of ions exposed to the sorbent. A schematic 311 
comparison of the two processes is illustrated in Fig. 4. 312 
In column sorptive removal of solutes, initially the solute is rapidly sorbed at the top 313 
layer of the column until the amount sorbed is in equilibrium with the solute concentration in 314 
the influent solution. When adsorption in this layer reaches the capacity of the sorbent the 315 
solute starts to sorb in the next layer which is called the mass transfer zone (Faust and Aly 316 
1987). As time passes this mass transfer zone moves down the column until it reaches the 317 
bottom causing the solute concentration to rise. This point is called the breakthrough point, as 318 
shown in Fig. 5. At breakthrough the bottom layers are not completely saturated with the 319 
solute. The breakthrough capacity is therefore less than the overall sorption capacity. When 320 
the sorbent reaches exhaustion the breakthrough curve takes on the classic S-shape that is 321 
controlled by the shape and length of the mass transfer zone (Faust and Aly 1985). 322 
Decreasing influent flow rate and the concentration of the solute and increasing the volume 323 
capacity of the sorbent will reduce the movement of the mass transfer zone to the bottom of 324 
column resulting in a higher degree of column utilisation (Helfferich 1995). 325 
Smooth S-shaped breakthrough curves are obtained for solutions containing only 326 
phosphate anion. However, in natural water systems where there are many competing anions 327 
for sorption the typical S-shaped curves are not obtained due to chromatographic peaking, 328 
where a strongly sorbing anion displaces the previously sorbed phosphate. This causes a 329 
higher concentration of the latter in the effluent compared to the influent (Bae et al. 2002; 330 
Bajracharya and Barry 1995; Gupta et al. 2012; Pan et al. 2009). 331 
Although the dynamic column studies are closer to the operational conditions in the 332 
real full-scale treatment system, they experience the problem of filters being clogged. This 333 
issue can be overcome by using prefilters to remove suspended solids and organic matter 334 
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(Chazarenc et al. 2007; Johir et al. 2011), using large sized media (Shilton et al. 2006) or 335 
using  a mixture of fine sized media (to have high sorption capacity) and coarser sized media 336 
(to reduce clogging) (Yang et al. 2009). In dynamic column removal of phosphate the filter 337 
media selected should not only have favourable physico-chemical properties to remove 338 
phosphate but also maintain sufficient permeability (Johansson 1999a; Westholm 2006; Yang 339 
et al. 2009). 340 
Xu et al. (2011) reported that a decrease of flow rate (15, 10, 5, 3.3 mL/min) of a 341 
phosphate solution through a column containing giant reed-based sorbent increased the 342 
breakthrough volume or breakthrough time for phosphate and explained this as due to an 343 
increase in empty bed contact time (EBCT). The higher the EBCT, the higher the effective 344 
diffusion process becomes, resulting in higher sorption capacity for phosphate. Xu et al. 345 
(2011) also stated that the breakthrough process was saturated earlier at high flow rate 346 
because the front of the sorption zone quickly reached the bottom of the column. In contrast, 347 
lower flow rates and longer contact times resulted in a shallow sorption zone. Hussain et al. 348 
(2011) also reported that higher flow rate of phosphate solution through a column containing 349 
a mixture of limestone and granular activated carbon resulted in shorter column saturation 350 
/exhaustion time. When the flow rate increased, the residence time in the column decreased 351 
(lower column utilisation, column saturation time, and bed capacity).  352 
 353 
3.3. Continuous-flow stirred tank reactor method 354 
 Continuous-flow stirred tank reactor (CFSTR) system is another type of dynamic 355 
continuous-flow sorption system used to overcome the problem of clogging in columns and 356 
to enhance the diffusion/convection process (Jellali et al. 2010; Wahab et al. 2011). Wahab et 357 
al. (2011) reported a high removal efficiency (80%) of phosphate from synthetic solution 358 
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containing 50 mg P/L using a plant-waste sorbent in CFSTR. They stated that the CFSTR 359 
system has many operational and economic advantages because: firstly, the amount of 360 
sorbent used is less than in column mode; secondly, contact between the sorbent particles and 361 
phosphate in solution is more homogeneous; and thirdly, the rate of transport of phosphate to 362 
the solid/liquid interface is faster than in column mode. As mentioned earlier the clogging 363 
problem inherent in the column mode does not occur in the CFSTR system. More studies on 364 
the use of this system on different sorbents are required, especially in field conditions so that 365 
the efficiency of this method can be assessed.  366 
 367 
4. Sorbents 368 
4.1. Inorganic sorbents 369 
 The efficiencies of removal of phosphate by various inorganic sorbents, the methods 370 
used, and the kinetic and equilibrium models best explaining the sorption data are presented 371 
in Table 2. 372 
4.1.1. Metal oxides and hydroxides 373 
 Oxides and hydroxides, also called hydrous oxides or oxyhydroxides, of trivalent and 374 
tetravalent metals such as Fe, Al, Mn, Ti and Zr are used to remove both anionic and cationic 375 
contaminants from water and wastewaters because of their strong tendencies to sorb these 376 
ions (Zhou and Haynes 2011). The capacity of sorption depends on the affinity of the ions to 377 
the sorbent surface, the relative concentrations of ions and pH in solution.   378 
The predominant mechanism of sorption of phosphate on oxides and hydroxides is 379 
ligand exchange by the formation of inner sphere complexes (specific sorption) as discussed 380 
in section 2 (Antelo et al. 2005; Chitrakar et al. 2006a,b; Elzinga and Sparks 2007). Therefore 381 
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simple non-specifically sorbing ions such as nitrate and chloride which form outer sphere 382 
complexes have little influence on the sorption of phosphate. Ionic strength of solution also 383 
has little influence on phosphate sorption on oxides and hydroxides because anions of the 384 
indifferent electrolytes have little influence on phosphate sorption (Antelo et al. 2005). 385 
However, ionic strength can influence surface charge thereby affecting specific sorption of 386 
anions such as phosphate (Bolan et al., 1986).  387 
Several anions co-exist with phosphate in wastewater, and they can compete for 388 
sorption. Chitrakar et al. (2006a) showed that the tendency for sorption of anions on goethite 389 




2- and on akaganeite 390 





2-. Similarly, Genz et al. (2004) reported that 391 
the sorption sequence for removing anions from membrane bioreactor (MBR) filtrates was 392 
Cl- <  NO3
- <  SO4
2- <  HCO3
- <  PO4




- <  PO4
3- for activated aluminium oxide sorbent. 394 
Of the oxides and hydroxides of metals used to remove phosphate, Fe and Al  oxides 395 
and hydroxides have been studied the most. Iron oxides occur as goethite (α-FeOOH), 396 
akaganeite ( β-FeOOH), lepidocrocite (γ -FeOOH), haematite (α -Fe2O3) and magnetite 397 
(Fe3O4). Of these goethite is the most widespread iron oxide in natural systems, and this 398 
material has been used in many sorption studies, including studies on phosphate (Chitrakar et 399 
al. 2006a). Aluminium oxides and hydroxides occur as gibbsite, boehmite and bayerite 400 
(Makris et al. 2005). 401 
Sorption of phosphate onto laboratory synthesised goethite with surface area 316 m2/g 402 
and average particle size < 70 µm and a commercial sample of Al oxide with surface area 200 403 
m2/g and average particle size of 50-200 µm was studied in batch experiments at 404 
temperatures of 25, 45 and 65oC by Paleka and Deliyanni (2009). The sorption data at 25oC 405 
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and the optimum pH of 5 fitted the Langmuir model with a maximum sorption capacity of 406 
144 and 35 mg P/g for goethite and Al oxide, respectively. For both the sorbents the sorption 407 
capacity declined with higher temperature, indicating that sorption is an exothermic process.  408 
Genz et al. (2004) investigated the removal of phosphate from membrane bioreactor 409 
effluents using a subsequent fixed-bed sorption process to meet Berlin’s expected regulation 410 
aiming at an effluent phosphate concentration limit of 50 µg P/L. They compared the 411 
effectiveness of phosphate removal from an MBR effluent spiked with phosphate by using an 412 
Fe-based sorbent (granulated ferric hydroxide (GFH)) with akaganeite (β-FeOOH 413 
mineralogy, specific surface area 280 m2/g) and an Al-based sorbent (activated aluminium 414 
oxide (AA), Al2O3, specific surface area 230-300 m
2/g) in batch and column experiments. In 415 
both types of experiments, GFH was more efficient than AA. In the batch experiment, 416 
sorption at low phosphate concentration (<3 mg P/L) fitted the Langmuir model with 417 
maximum sorption capacities of 23 mg/g at pH 5.5 and 17 mg/g at pH 8.2 for GFH. The 418 
corresponding values for AA were 14 mg/g at pH 5.5 and 12 mg/g at pH 8.2. For high 419 
phosphate concentrations (> 4 mg P/L) at pH 8.2, there was a steep increase in phosphate 420 
sorption on both sorbents. Because the MBR had a high concentration of Ca (120-140 mg/L) 421 
the steep rise in sorption was explained in terms of possible co-sorption of Ca and P leading 422 
to calcium hydroxyl phosphate precipitation. In the column experiment the effluent criteria of 423 
50 µg P/L was reached after a throughput of 8000 bed volumes for GFH and 4000 for AA, 424 
thus confirming the batch study results that GFH is a superior sorbent for removing 425 
phosphate. 426 
The steep rise in phosphate sorption in the presence of high Ca concentration at high 427 
pH was also reported by Bastin et al. (1999) in their study on sorption of phosphate by a 428 
formulation called OX containing a mixture of iron oxide (ferrihydrite) and gypsum at pH > 429 
8. The increased phosphate sorption was attributed to calcium phosphate precipitation. It 430 
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could also be due to an increase in positive surface charge caused by Ca2+ sorption (Bolan et 431 
al. 1993).  In the pH range 4-8, phosphate sorption remained constant contrary to reports 432 
showing a decrease of sorption with increase in pH (Hingston et al. 1972; Ryden et al. 1977). 433 
This was explained as due to the presence of gypsum in the sorbent. Calcium in gypsum 434 
might have mediated phosphate adsorption. The OX had much higher phosphate removal 435 
efficiency (39.1 mg P/g) than hematite (0.7 mg P/g), and this was explained by the disordered 436 
structure of ferrihydrite in OX in contrast to the crystalline nature of hematite. Poorly ordered 437 
iron oxides are more reactive than their crystalline counterparts (Parfitt 1989). 438 
Common filter media such as sand and perlite cannot achieve significant P removal 439 
efficiencies. Sansalone and Ma (2009) used an aluminium oxide coated media (AOCM), a 440 
porous soil-type substrate coated with Al2O3, to provide large number of surface sites to 441 
selectively sorb phosphate. The coating was carried out by adding a 0.5-1 M aluminium salt 442 
to a heated (1000oC) clayey soil and reheating the Al-coated soil to dryness and washing. 443 
Sorption studies on synthetic phosphate solutions showed that most of the final equilibrium 444 
concentrations were below 0.1 mg P/L with 90% reduction or higher for initial phosphate 445 
concentration below 2.5 mg P/L and pH 5-8.  Increase of pH from 5 to 9 consistently 446 
decreased phosphate sorption with a maximum adsorption of 2.5-3.0 mg P/g at pH 5. At all 447 
pH values, nitrate had no significant effect on phosphate sorption but sulphate reduced 448 
phosphate sorption. This was explained as being due to phosphate and sulphate sorbing 449 
mainly through ligand exchange mechanism (specific sorption), whereas nitrate sorption 450 
occurred through electrostatic attraction (non-specific sorption). In contrast to sulphate the 451 
presence of Ca increased phosphate sorption in the basic environment (pH 8 to 9) as a result 452 
of surface complex formation involving Ca and phosphate, as discussed earlier. Sansalone 453 
and Ma (2009) concluded that the use of Al oxide coated media (substrate containing clay 454 
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soil, concrete/brick rubble or any other comparable material) in removing phosphate from 455 
stormwater can meet most surface water discharge requirements. 456 
Nano-sized iron oxides that have very high surface area and therefore high ion 457 
sorption capacity are expected to be highly efficient in removing phosphate from aqueous 458 
solutions. However, because of their very small particle size they cannot be separated from 459 
aqueous solutions by gravitational sedimentation. They need a supporting matrix when used 460 
in water treatment. Recently, Zach-Maor et al. (2011) used granular activated carbon (GAC) 461 
as a support for nano-sized magnetite (Fe3O4) particles (nFeGAC) that was prepared from 462 
ferric chloride. Phosphate removal efficiency (specific surface area 1024 m2/g) was examined 463 
in batch studies in solutions containing 250, 500 and 1000 mg PO4
3-/L. The sorption data was 464 
fitted to the Langmuir model giving an sorption maxima of 16 mg P/g nFeGAC, which was 465 
considered to be much higher than that of most other sorbents. It was suggested that the 466 
sorption of phosphate on nFeGAC involves two steps: initial (within 1 h) sorption on active 467 
surface sites and subsequent diffusion into the interior pores of the magnetite.  468 
Manganese oxides generally have low ZPC (Healy et al. 1966; Loganathan et al. 469 
1977) but they can remove phosphate even at neutral pH where the oxide surface is 470 
negatively charged, and therefore do not sorb phosphate by anion exchange process. The 471 
mechanism of sorption in this case is inner-sphere complexation. A natural MnO2 (ZPC 4.7) 472 
was reported as having a maximum sorption capacity of 0.4 mg P/g in a solution of pH 7 473 
(Ouvrard et al. 2002). Manganese oxides are also mixed with iron oxides to improve the 474 
phosphate removal efficiency from waters. For example, Zhang et al. (2009) reported that a 475 
Fe-Mn binary oxide with a Fe/Mn molar ratio of 6.1 was more effective for phosphate 476 
removal than Fe-Mn oxides having other ratios and pure amorphous FeOOH. This binary 477 
oxide (specific surface area 309 m2/g) had a Langmuir sorption maximum of 11 mg P/g at pH 478 
5.6. The presence of Cl-, SO4
2- and CO3
2- at 1.0 and 10 mM had no effect on phosphate 479 
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sorption from a solution containing 5 mg P/L. FTIR spectra showed that surface OH groups 480 
were replaced by phosphate groups during sorption. 481 
Zirconium (Zr) (Chitrakar et al. 2006b), lanthanum (La) (Ou et al. 2007) and titanium 482 
(Ti) (Nagamine et al. 2003) oxides and hydroxides have also been used to remove phosphate 483 
from water. Chitrakar et al. (2006b) investigated the sorption of phosphate from sodium 484 
phosphate solution, sea water and waste water on a synthetic amorphous zirconium hydroxide 485 
in batch experiments. Based on the distribution coefficients (ion uptake (mg/g)/ion 486 
concentration in solution (mg/L)), the selectivity order for sorption of ions was found to be 487 
Na+,  K+, Ca2+ < Cl- < SO4
2- << PO4
3-.  The maximum sorption of phosphate from sodium 488 
phosphate solution, sea water and waste water were 30, 10, and 15 mg P/g at equilibrium pH 489 
of 5.0, 7.7 and 8.8, respectively. The lower sorption values for sea water and waste water 490 
were reported to be due to the higher pH and presence of competing anions in these solutions. 491 
The sorption capacities of phosphate from sea water and waste water emerged as being much 492 
higher than the values obtained for these solutions on many other sorbents. 493 
Chitrakar et al. (2006b) also showed that phosphate sorption from sodium phosphate 494 
solution decreased progressively from pH 2 to 9. In contrast, phosphate sorption from sea 495 
water increased from pH 2 to 6 and then decreased progressively to 9. In the pH range 2-4, 496 
sulphate in sea water was considered to affect phosphate sorption greatly because the sorbent 497 
preferred divalent SO4
2- to monovalent H2PO4
-.  498 
Although finely divided zirconium hydroxides and oxides have good P sorption 499 
characteristics they suffer from the difficulty in separating them from water. One method of 500 
overcoming this difficulty is making the sorbents magnetic and then separating them using a 501 
magnet. Long et al. (2011) prepared such a magnetic material by combining Zr with Fe (Fe-502 
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Zr binary oxide) and showed that this material was magnetic and had a high phosphate 503 
sorption capacity of 13.65 mg P/g at pH 4. 504 
Ordered mesoporous silica (OMS) doped with various metal (La, Zr, Ti, Fe and Al) 505 
oxides has been studied for the removal of phosphate from water using sorption. OMS has 506 
proven to be a good substrate sorbent material because of its high surface area, controlled 507 
pore diameters, controlled morphology (spheres, rods and discs), mechanical robustness and 508 
non-toxic nature (Delaney et al. 2011). Ou et al. (2007) reported that La doped OMS had 509 
much higher phosphate removal capacity (> 90%) than undoped OMS (~ 4%) in a solution 510 
containing 0.992 mg P/L at pH 7.3 even though undoped OMS had higher surface area than 511 
doped OMS.. The study indicated that the lower the molar ratio of Si to La (ratios tested were 512 
5, 10, 20, 30) the greater was the phosphate removal capacity. The Langmuir maximum 513 
sorption capacity for a  molar ratio of 10 was 23.1 mg P/g. Delaney et al. (2011) also showed 514 
that undoped OMS had little or no affinity for phosphate, however when Zr, Ti, Fe or Al 515 
oxide was grafted to the surface it proved to be an efficient sorbent with removal percentages 516 
of up to 100%. The maximum sorption capacity was found to be 1.5 mg P/g. 517 
Phosphate removal from water was studied using a La doped vesuvianite by Li et al. 518 
(2009). Vesuvianite, which consists of feldspar, pyroxene and other minor mineral 519 
components, has a low density (< 800 kg/m3), which makes it float on water. Therefore, it 520 
can be easily recycled. Lanthanum doping at a ratio of 1:1 La to vesuvianite had a sorption 521 
capacity of 1.3 mg P/g after a contact time of 50 h with phosphate compared to 0.3 mg P/g 522 
for undoped vesuvianite. A maximum sorption capacity of 6.7 mg P/g was obtained for the 523 
doped vesuvianite.  524 
Ultra-low P concentrations in the effluents of wastewater plants may be required in 525 
some circumstances in the future that cannot be economically achieved by conventional 526 
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treatment methods such as chemical precipitation. A highly porous sorbent bead (average 527 
diameter 0.55 mm, porosity 85%) was manufactured in Japan from a mixture of a metal oxide 528 
and a polymer (MOP) and tested for P removal from wastewaters to produce very low P 529 
concentrations in the effluents (Omori et al. 2007; Midorikawa et al. 2008; Fitzpatrick et al. 530 
2011; Tsuji et al. 2011). The exterior surface of the sorbent was reported to have a multitude 531 
of submicron pores while the interior had cavities opened to the surface. However, the 532 
chemical composition of the sorbent was not reported. A column packed with MOP had a 533 
breakthrough capacity of 12 mg P/g at a flow rate of 20 space volume (bed volume)/h, and 534 
consistently removed P from a synthetic P solution containing 1.0 or 3.1 mg P/L to produce 535 
effluent P concentration below the detection limit of 0.02 mg P/L (Omori et al. 2007). When 536 
municipal wastewater was first passed through a sand filter, and then through MOP the 537 
breakthrough sorption capacity was 8.4 mg P/g. Competitive sorption of the coexisting 538 
anions, which were present at much higher concentrations than phosphate probably 539 
diminished phosphate sorption, although the selectivity for phosphate sorption was 100 times 540 
greater than for sulphate and > 1000 times greater than for chloride and nitrate. 541 
Midorikawa et al. (2008) extended the study of Omori et al. (2007) to field trials 542 
where a wastewater secondary effluent containing 0.1-2.1 mg P/L, previously filtered through 543 
an activated carbon column, was passed through two columns in series containing MOP. 544 
After the breakthrough from the first MOP column to reach an effluent P concentration 0.05 545 
mg P/L the second column was used as the new first column instead, and a fresh column was 546 
used as new second column. While the P removal process continued with the new pair of 547 
columns the old column was regenerated by washing with NaOH to desorb the sorbed P and 548 
kept ready for later use. With this arrangement of columns the P concentration in the treated 549 
water was maintained at 0.02-0.04 mg/L for 8 days of treatment. This system of P removal 550 
from wastewater was tested in pilot plants in Japan and USA with two columns in series with 551 
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a third column on standby, all containing MOP (Fitzpatrick et al. 2011; Tsuji et al. 2011). To 552 
avoid fouling of the sorbent media with solids and excessive backwashing of the media 553 
columns, a sand filtration step was introduced before the MOP columns. For 33 days of 554 
treatment at a space velocity of 20/h, the P concentration of the pilot plant effluent remained 555 
at 0.023-0.059 mg P/L, while the P concentration in the sand filter effluent was 0.10-3.7 mg 556 
P/L. With an introduction of a microfiltration system as a pre-treatment step the P 557 
concentration in the effluent was further reduced to 0.006-0.027 mg P/L. 558 
Very low P concentration (< 0.03 mg P/L) in the effluent of wastewater containing 559 
1.84 and 6.9 mg P/L after treatment with a sorption filter media was also reported in Ireland 560 
by Clean Water Technology Ltd (2010). However, the chemical characteristics of the sorbent 561 
were not reported. After 53 hours of operation using 179 kg of filter media, an ultimate 562 
breakthrough exceeding 0.03 mg P/L occurred when over 72 m3 water passed through the 563 
filter media. The breakthrough sorption capacity was 1.8 mg P/g, and this value was reported 564 
to be higher than those of gravel, bottom ash, steel slag, blast furnace ash, fly ash, shale, 565 
laterite, and zeolite. However, many sorbents reported in Tables 2-5 had higher sorption 566 
capacity than that of the sorbent of Clean Water Technology Ltd (2010). 567 
 568 
4.1.2. Calcium and magnesium carbonates and hydroxides 569 
 Calcium and magnesium carbonates and hydroxides have been used to remove 570 
phosphate from water. The mechanisms of removal are generally considered to be sorption 571 
followed by precipitation of Ca and Mg phosphates. Calcium and magnesium carbonates and 572 
hydroxides partially dissolve in aqueous solutions releasing Ca and Mg cations which 573 
combine with phosphate and form Ca and Mg hydroxyl phosphates. Their dissolution causes 574 
an increase in pH (Johansson 1999b; Hussain et al. 2011; Roques et al. 1991), which helps in 575 
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the precipitation. Johansson (1999b) found that at low phosphate concentrations (< 15 mg 576 
P/L) only 40-50% phosphate was removed by limestone (CaCO3) probably by the sorption 577 
process. Elevating the phosphate concentration above 15 mg P/L progressively increased the 578 
phosphate removal to 90% at 25 mg P/L. Precipitation explained the higher phosphate 579 
removal at the higher phosphate concentration. However, the maximum phosphate sorption at 580 
this particular concentration was only 0.3 mg P/g. The low phosphate sorption capacity was 581 
explained as due to the coarse particle sizes of limestone used in the study (median diameter 582 
0.9 mm, < 5% of particles < 0.074 mm). 583 
 Roques et al. (1991) investigated the removal of phosphate from synthetic wastewater 584 
using dolomite (Ca,Mg(CO3)2) burned at 650-750
oC to produce a material containing equal 585 
moles of MgO and CaCO3, and mean particle size of 0.5 mm. The maximum phosphate 586 
sorption capacity of this material was found to be 10 mg P/g. In a column experiment the 587 
effluent solution initially had pH greater than 10, but with time, the pH stabilised between 8 588 
and 9. Formation of a non-stochiometric calcium phosphate on the surface of the grains, 589 
probably an amorphous type, was suggested as the main mechanism for the removal of 590 
phosphate. Since the pH of the effluent solution after treatment with calcium and magnesium 591 
carbonates and hydroxides sorbents is generally alkaline, these sorbents have the potential to 592 
remove phosphate from acidic wastewaters (mining wastewater, acidic leachates from wet 593 
chemical P-recovery process). 594 
 Removal of phosphate from water by surface precipitation inside macropores of coal 595 
was noted in a study using a composite sorbent containing bentonite, coal and Ca(OH)2 596 
(Khadhraoui et al. 2002). Bentonite in the sorbent acted as a carrier and coal provided 597 
macropores for phosphate precipitation. The function of Ca(OH)2 was to chemically react 598 
with phosphate to form the precipitate. Phosphate removal increased with Ca content of the 599 
sorbent. X-ray diffraction data revealed that the precipitate was crystalline hydroxyapatite. 600 
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 A novel method of removal of phosphate and many other oxyanions from synthetic 601 
wastewater via carbonation of Ca(OH)2 was proposed by Montes-Hernandez et al. (2009). 602 
They analysed the removal of oxyanions from an aqueous solution of Ca(OH)2 by 603 
carbonation  under moderate pressure (carbon dioxide pressure of 20 bar) and temperature 604 
(30oC) and demonstrated that this process successfully removed approximately 100% of 605 
phosphate. Techniques using transmission and scanning electron microscopy equipped with 606 
energy dispersive X-ray analyser were applied to show that phosphate was incorporated into 607 
the structure of calcite formed during the carbonation process by substitution of carbonate 608 
ions by phosphate. It was stated that the proposed carbonation process could be an economic 609 
and ecological method for removing phosphate from waters, if the Ca(OH)2 source derived 610 
from alkaline waste such as fly ash, waste concrete and cement, alkaline paper mill waste, 611 
etc. 612 
 613 
4.1.3. Layered double hydroxides 614 
 Most of the clay minerals, such as kaolinite, mica, montmorillonite, vermiculite and 615 
zeolite, carry predominantly negative charges and therefore adsorb very little amounts of 616 
anions. During the last two to three decades, another type of clay mineral having positive 617 
charges and therefore able to adsorb anions, has received much attention in the removal of 618 
anionic contaminants such as oxyanions (e.g. arsenite, arsenate, chromate, phosphate, 619 
selenite, selenate, nitrate, etc.) and monoatomic anions (e.g. fluoride, chloride) from aqueous 620 
solutions (Goh et al. 2008). This type of clay, called layered double hydroxide (LDH) or 621 
hydrotalcite (HTlc), occurs naturally and has been synthesised in the laboratory. Structurally, 622 
LDHs are composed of positively charged brucite-like sheets with intercalated anions in the 623 
hydrated interlayer regions to balance the positive charges (Goh et al. 2008; Zhou et al. 2011; 624 
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Khan and O’Hare 2002). Isomorphous substitution of trivalent or tetravalent cations for Mg2+ 625 
in the brucite-like layer produces the positive charges. Charges can also be produced by the 626 
ionisation of the surface OH groups in LDHs. The ZPC of LDHs is in the region pH 9-12 627 
(Goh et al. 2008) and therefore at the neutral pH of natural water, LDHs are positively 628 
charged and act as anion exchangers.  629 
 There are four mechanisms for removing anions by LDHs,  namely, surface sorption, 630 
interlayer anion exchange, surface precipitation and reconstruction of calcined LDH 631 
precursors by the ‘memory effect’ (Cheng et al. 2010; Goh et al. 2008; Koilraj and Kannan 632 
2010; Zhou et al. 2011). When LDHs are calcined at high temperatures they lose their layer 633 
structure and form active composite metal oxides which when placed in aqueous solution 634 
reconstruct its original structure with rehydration and sorption of anions. This process is 635 
known as the ‘memory effect’.  636 
 The type of cations in the brucite-like sheets of LDHs has a significant effect on 637 
phosphate sorption. Zhou et al. (2011) compared the ability of Mg2Fe-Cl-LDH and Ca2Fe-Cl-638 
LDH to remove tripolyphosphate (TPP) from water. They found that the Mg form of LDH 639 
removed 10.5 mg P/g corresponding to 10-15% of the theoretical anion exchange capacity 640 
(67 mg P/g) estimated on the basis of the amount of Cl ions in the interlayer space. In 641 
contrast, the Ca form removed a higher amount of 56.4 mg P/g. It was also found that the Ca-642 
LDH was unstable in water losing its LDH structure and became amorphous with release of 643 
Ca whereas the Mg-LDH was stable in water maintaining its LDH structure. The removal of 644 
TPP by the Mg-LDH was considered to be through surface sorption and the near-edge 645 
intercalation. The large size TPP could not penetrate into the interlayer space to exchange 646 
with all the Cl ions. A comprehensive analysis of the Ca-LDH with and without TPP using 647 
XRD/XPS/FTIR revealed that Ca-LDH dissolved first releasing Ca2+ which reacted with TPP 648 
to form insoluble Ca-TPP precipitate. Based on the information obtained from the two LDHs, 649 
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a Ca and Mg combined LDH (Mg-Ca-LDH) was produced which removed large amounts of 650 
TPP (84.2 mg P/g).  651 
Similar results were obtained by Xu et al. (2010a) for the removal of orthophosphate 652 
from water by Ca and Mg forms of LDH. They found that the Ca-based LDHs were more 653 
soluble than the Mg form. The dissolved Ca reacted with phosphate to form hydroxyapatite. 654 
Phosphate removal by Ca-LDH was higher at pH 5 than at pH 9 because of its higher 655 
dissolution at lower pH. Structural analysis by XRD revealed that phosphate sorption on Mg-656 
LDH occurred by way of intercalation into the interlayer spaces while that over Ca-LDH 657 
occurred by means of precipitation. 658 
Higher valency cations incorporated into the brucite-like layer of LDH can produce 659 
more positive charges in the interlayer for increased removal of phosphate. Koilraj and 660 
Kannan (2010) introduced Zr4+ into ZnAl-LDH and obtained a greater phosphate removal 661 
from aqueous solutions in a batch study. They found that in addition to the increased sorption 662 
on the positive charges in the interlayer, another major mechanism improved the removal of 663 
phosphates. Using XRD, SEM, and FTIR it was demonstrated that the increased sorption of 664 
phosphate resulted from the formation of a zinc phosphate mineral on the surface of the 665 
sorbent by surface precipitation of dissolved Zn with phosphate sorbed as an outer-sphere 666 
complex on the LDH. The presence of Zr4+ was considered to produce instability in the LDH 667 
structure thus caused the release of Zn.  668 
Chitrakar et al. (2010) synthesised a Zr-modified MgFe-LDH(CO3) from a mixed 669 
solution of Cl salts of Zr, Mg, and Fe and compared the phosphate removal efficiencies from 670 
pure phosphate  solution and P-enriched sea water with those of MgFe-LDH(CO3), ZrO, and 671 
other materials. XRD, FTIR and elemental analysis showed that the synthesised material was 672 
a nanocomposite of MgFe-LDH and amorphous Zr(OH)4. Sorption data showed that this 673 
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material had the highest selectivity for phosphate removal from P-enriched sea water and 674 
pure phosphate solution at pH 4. The maximum removal capacities from pure phosphate 675 
solution (pH 3-4) (80 mg P/g) and sea water (20 mg P/g) were higher for this material 676 
compared to those for eight other commonly used sorbents. The presence of Zr(OH)4 677 
particles on LDH sheets of this material was considered to be the reason for this high 678 
phosphate sorption capacity. 679 
LDHs are calcined to increase their anion sorptive capacity. The increased sorption 680 
capacity of calcined LDHs is attributed to an increased surface area (calcined LDHs 198-287 681 
m2/g compared to 5-84 m2/g for uncalcined LDHs, Goh et al. 2008) and the structural 682 
‘memory effect’. Peleka and Deliyanni (2009) found that increase of calcination temperature 683 
up to 500oC increased phosphate sorption capacity of the LDH. Maximum sorption capacities 684 
of 245 and 193 mg P/g were obtained for LDH calcined at 500 and 400oC, respectively.  The 685 
uncalcined LDH had a maximum sorption capacity of 60 mg P/g. Cheng et al. (2010) also 686 
reported increase in phosphate sorption with calcination of Zn-LDH up to 300oC, but the 687 
phosphate sorption decreased when the LDH was calcined at 600oC. This was explained as 688 
being due to the ‘memory effect’ operating at 300oC, whereas the calcined product formed at 689 
600oC was unable to recover the original LDH structure by incorporating phosphate ions. 690 
Instead, a spinal ZnAl2O4 was formed. 691 
 692 
4.2.  Organic sorbents 693 
 694 
The efficiencies of removal of phosphate by various organic sorbents, the methods 695 
used, and the kinetic and equilibrium models best explained the sorption data are presented in 696 




4.2.1. Activated carbon  699 
Activated carbon (AC) is an effective sorbent for the removal of a wide range of 700 
aquatic pollutants. It is commonly used as an sorbent in the treatment of wastewaters due to 701 
its exceptionally high surface area (500-1500 m2/g), highly developed internal microporosity, 702 
presence of a range of functional groups, low cost, and easy availability (Chingombe et al. 703 
2005; Yin et al. 2007).  704 
 Activated C is prepared from a wide range of materials such as shells, hulls and cobs 705 
of plant produces, coal, lignite, and wood (Pollard et al. 1992) using one of two basic 706 
activation methods (Gupta et al. 2009). The first method is carbonization at 600-900oC in an 707 
inert atmosphere resulting in the formation of char that is normally non-porous, followed by 708 
calcining at 600-1200oC in oxidising environment to produce porous material with high 709 
surface area. The second method is impregnation with chemicals followed by heating to 450-710 
900oC. Activated C used in water treatment is available in two main forms, namely, 711 
powdered AC (PAC) and granular AC (GAC). Use of GAC is usually preferred because it 712 
can be easily separated from water after use. 713 
The main functional groups on the AC surface are phenolic (hydroxylic), carbonyl, 714 
carboxylic, ether, and lactones (Chubar 2010; Faust and Aly 1987). The type and number of 715 
functional groups on AC matrix can be manipulated by thermal and chemical treatments to 716 
produce sorbents that are tailored for a particular function (Chingombe et al. 2005). The 717 
functional groups have negative or positive charges depending on the pH of the solution 718 
where the AC is exposed to. Faust and Aly (1987) reported a ZPC range of 4.75 to 7.10 for 719 
five types of AC whereas Mahmudov and Huang (2011) found that the ZPC of GAC made 720 
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from bituminous coal was 7.9. At pHs less than the ZPC, AC carries predominantly positive 721 
charges and at pH above the ZPC, it carries predominantly negative charges.  722 
Ma et al. (2011) obtained a Langmuir maximum sorption capacity of 0.4 mg P/g for 723 
GAC compared to 0.003, 0.04, and 2.6 mg P/g for perlite, zeolite, and a composite adsorbent 724 
containing perlite and activated alumina (perlite/Al), respectively for phosphate sorption from 725 
a solution containing KH2PO4 in a batch study. The sorption capacities determined from a 726 
column experiment were < 0.004, 0.11, and 0.25 mg P/g for zeolite, GAC, and perlite/Al, 727 
respectively. Despite GAC having a much higher specific surface area of 863 m2/g than for 728 
perlite/Al (28.8 m2/g) the sorption capacity was lower because of the non-specific nature of 729 
sorption of phosphate on GAC compared to a predominantly specific type of sorption on Al 730 
oxides in the perlite/Al composite material. 731 
Sorption capacity of AC can be increased by impregnating AC with suitable 732 
chemicals (Yin et al. 2007). Shi et al. (2011) prepared a composite sorbent by loading iron 733 
oxide onto GAC (15.05 mg Fe/g) and compared the sorption capacity of this material with 734 
that of unamended AC in a batch experiment using NaH2PO4 solution at pH 3. They found 735 
that the Langmuir sorption capacity of the composite material (3.2 mg P/g) was higher than 736 
that of AC (2.5 mg P/g), despite the specific surface area being lower for the composite 737 
sorbent (668 m2/g for composite material compared to 1039 m2/g for AC). Phosphate sorption 738 
on the composite sorbent decreased drastically with increasing pH, from pH 2 to 5 and 739 
levelled off when the pH was over 6. The decrease in sorption with increase in pH was 740 
considered to be due to a reduction in the positive charges on the surface of the sorbent and 741 
increased competition for adsorption from hydroxyl ions at high pH. Namasivayam and 742 
Sangeetha (2004) obtained a different trend for the pH effect on phosphate sorption on a Zn-743 
doped AC prepared by carbonisation of coir pith at 700oC in a batch study. They showed that 744 
phosphate sorption remained constant between pH 2 and 11 but decreased below 2 and above 745 
 32 
 
11. They explained the reduction in sorption below 2 as a result of phosphate present as 746 
uncharged H3PO4, and reduction above 10 as due to OH
- competition with PO4
3- species for 747 
sorption on a highly negatively charged sorbent surface.  748 
Zhang et al. (2011) loaded AC fibres (specific surface area 1326 m2/g) with different 749 
doses of La oxide and investigated their phosphate sorption capacities in batch experiments. 750 
They found that phosphate sorption from a KH2PO4 solution containing 30 mg P/L and 751 
sorbent concentration of 5 g/L increased from 79.9% to 96.0% with increasing La loading 752 
rate from 5 to 15% and the amount sorbed remained constant thereafter up to 25%. The 753 
maximum sorption capacity was 5.85 mg P/g. The inability of the La loaded AC fibres to 754 
remove phosphate beyond 15% La was considered to be because the AC fibres had a fixed 755 
amount of sites for reaction with La and they could not react with the excess dosage of La to 756 
produce further sorption of phosphate. The pH at the initial stages of sorption increased 757 
sharply with a rapid increase in phosphate removal and this was explained as due to ligand 758 
exchange between phosphate in solution and OH groups on the sorbent surface. 759 
 760 
4.2.2. Anion exchange resins 761 
 762 
Ion exchange resins are an important class of ion exchangers used to remove cationic 763 
and anionic pollutants from water and wastewater. Their framework or matrix consists of 764 
irregular, macromolecular, three dimensional network of hydrocarbon chain (Helferich 1995). 765 
The cation exchange resins have negatively charged functional groups whereas the anion 766 
exchange resins have positively charged functional groups such as -NH3
+, ꞊NH2+, ≡N+, ≡S+. 767 
The matrix of the resin is generally cross-linked poly (styrene) exhibiting hydrophobicity 768 
(Awual et al. 2008; Helferich 1995). Therefore the resins prefer less hydrated anions such as 769 
NO3
-, SO4
2-   to highly hydrated anions like H2PO4
-.   770 
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 Recently, it has been shown that a type of anion exchange resin called Purolite A500P 771 
consisting of R(CH3)3N
+ functional group removed more than 80% nitrate and phosphate 772 
from a wastewater containing 3.1 mg P/L of phosphate and 11 mg N/L of nitrate whereas 773 
another anion exchange resin called Purolite A520E consisting of quarternary ammonium 774 
group removed nearly 90% of nitrate but only 30-40% of phosphate (Johir et al. 2011). Das 775 
Gupta et al. (2012) also found that Purolite A500P with Langmuir sorption capacities of 64 776 
mg N/g and 7 mg P/g removed a higher percentage of nitrate than phosphate from synthetic 777 
water and wastewater in batch and column studies. Because the resin was not able to 778 
effectively remove phosphate, they used hydrated ferric oxide (HFO) adsorbent to remove the 779 
phosphate in the effluent from the resin. Similarly, Blaney et al. (2007) used a hybrid anion 780 
exchange media called HAIX containing a mixture of an anion exchange resin beads and 781 
HFO to remove phosphate and other anions from water. 782 
 Because the conventional anion exchange resins with hydrophobic character were not 783 
effective in removing phosphate from water, recently, Awual et al. (2011) produced a novel 784 
fibrous anion exchanger named FVA containing aliphatic cross-linked polymer matrices 785 
having primary amino groups which showed hydrophilic character to effectively remove 786 
phosphate. Using a batch study, they found that this resin had a high sorption capacity and 787 
selectivity for phosphate at pH 2.0-8.3 (74 to 216 mg P/g) in the presence of chloride, nitrate 788 
and sulphate. Using data from a kinetic study and FTIR spectra, they proposed that the 789 
mechanisms of sorption of phosphate to the resin were ion exchange and H-bonding. 790 
 791 
 792 




There are many other organic compounds with functional groups that can sorb 795 
phosphate. Their sorptive characteristics can be further improved by surface modification 796 
through grafting specialised organic molecules and metals. For example, Anirudhan and 797 
Senan (2011) used cellulose and its derivatives to efficiently remove phosphate from water. 798 
They grafted iron coordinated amino-functionalised polymers on to cellulose and studied the 799 
structure, porosity, anion exchange capacity and phosphate sorptive capacities of cellulose 800 
(cell), amine polymer grafted cellulose (amine-cell) and iron (Fe) coordinated amine product 801 
(Fe-amine cell). The anion exchange capacity of the cell was found to be 0.71 meq/g and that 802 
of the Fe-amine cell was 1.28 meq/g. XRD and SEM data showed that the structure of amine-803 
cell was more porous and less crystalline than the cell while that of the Fe-amine cell was 804 
even more porous and amorphous with many cavities for enhanced sorption of phosphate. 805 
The maximum sorption capacity as determined by the Sips equation was 23 mg P/g for the 806 
Fe- amine cell which was higher than the value of 13 mg P/g obtained for the anion exchange 807 
resin Dowex.  808 
Benyoucef and Amrani (2011) prepared a chemically modified Aleppo pine saw dust 809 
containing lignocellulosic materials by acid prehydrolysis and urea addition and showed that 810 
this material had more pores and higher phosphate adsorptive capacity than the unmodified 811 
material. The sorption capacity did not change much between pH 3 and 10. A maximum 812 
phosphate sorption capacity of 23 mg P/g was found at pH 7.5. 813 
In the last two to three decades a new class of porous materials called mesostructural 814 
materials was developed for use as sorbents in separation techniques. Surface 815 
functionalization of these materials via the tethering of organic functional groups has 816 
attracted much attention because it allows one to introduce several functionalizations onto the 817 
internal pore structure through post-synthesis grafting and co-condensation (Schumacher et 818 
al. 1999). Hamoudi et al. (2007) produced an ammonium functionalized mesoporous silica 819 
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compound called MCM-48 and tested its effectiveness in removing nitrate and phosphate 820 
from aqueous solutions. Mesoporous silica functionalized with amine groups designed for the 821 
removal of metallic cations were converted into positively charged ammonium groups for the 822 
sorptive removal of anions. The material was shown to have a maximum sorptive capacity of 823 
0.7 mmole/g for nitrate and 0.5 mmole/g (15.5 mg P/g) for phosphate at 50C. These values 824 
suggested that only 45% of the grafted functionalized groups were involved in the sorption 825 
process.  826 
Materials with transitional metal organic complexes bound to the pore walls inside 827 
mesoporous silica have also been tested for the removal of phosphate. Chouyyok et al. (2010) 828 
compared the effectiveness of phosphate removal by Cu and Fe ethylene diamine complexes 829 
anchored inside mesoporous silica compounds in batch studies. Based on the distribution 830 
coefficients (mass-weighted partition coefficient between solid and solution phases of the 831 
phosphate concentration) Chouyyok et al. (2010) found that the Fe-based sorbent had higher 832 
sorption capacity than the Cu-based sorbent. The Langmuir sorption capacity of phosphate on 833 
Fe-based adsorbent was 15 mg P/g. In the presence of 1000-fold molar excess of Cl- and 834 
NO3
- the phosphate removal by the sorbent was not affected. 835 
Carboxylic acid coated alumina (Saha et al. 2009) and surfactant coated nano 836 
crystalline iron oxide (akaganéite,  β-FeO(OH)) (Deliyanni et al. 2007) were tested for their 837 
effectiveness in removing phosphate by sorption. Though the carboxylic acid coated alumina 838 
had low phosphate sorption capacity (1.7 mg P/g) it was highly selective in removing 839 
phosphate in the presence of Cl- , Br- and NO3
-. It emerged that the phosphate sorption 840 
capacities of akaganéite (ak) and the surfactant modified akaganéite (aks) were extremely 841 
high (60 and 451 mg P/g for ak and aks, respectively). Based on FTIR data the sorption 842 
mechanism on both these materials was considered to be inner sphere complexation of 843 
phosphate with FeOH groups. The high sorption capacities were reported to be due to the 844 
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high surface area of the nanosized materials. The negatively charged surfaces created by the 845 
inner sphere complexation process were neutralised by the positively charged surfactant, 846 
thereby facilitating further sorption of phosphate, hence the higher sorption capacity of aks. 847 




4.3. Industrial by-products 852 
 853 
The efficiencies of removing phosphate by various industrial by-products, the 854 
methods used, and the kinetic and equilibrium models best explaining the sorption data are 855 
presented in Table 4. 856 
Many industrial by-products are wastes that need to be disposed of. Any beneficial 857 
use of them can save disposal costs, prevent environmental pollution and release disposal 858 
lands for alternative and productive use. Several types of industrial by-products have been 859 
used for the sorptive removal of pollutants including phosphate from water (Bhatnagar and 860 
Sillanpàà 2011; Gupta et al. 2009; Mohan and Pittman Jr 2007; Pratt et al. 2007; Westholm 861 
2006). Most of them are mining industry (e.g. red mud), steel industry (e.g. slag materials), 862 
and power plant industry (e.g. fly ash and bottom ash) by-products. The methods and 863 
efficiency of removing phosphate depend on the chemical and physical characteristics of 864 
these by-products. In general they are composed mainly of oxides, hydroxides and/or 865 
carbonates of Si, Al, Fe, Ca, Mg and Ti in different proportions. Therefore the predominant 866 
mechanisms of phosphate removal are ligand exchange and solution and surface precipitation 867 
as discussed for these metal oxides, hydroxides and carbonates in section 4.1. The phosphate 868 
removal capacities of each of these by-products, however, varied between studies because of 869 
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the variation in the composition of the by-products used and the differences in the 870 
experimental methodology (Table 2). Utilising these by-products has the additional 871 
advantage of simultaneously removing other pollutants such as heavy metals from water as 872 
they have strong sorptive capacity for these pollutants as well. 873 
 874 
4.3.1. Red mud 875 
 876 
 Red mud is the finely grained waste residue produced after the caustic digestion of 877 
bauxite ores during the production of alumina. Red mud is a highly alkaline waste material 878 
with a pH 10-13 because of the residual sodium hydroxide solution employed in the refining 879 
of alumina (Bhatnagar et al. 2011). The high alkalinity can be neutralised by sea water to 880 
reduce the pH to around 9. The resulting product is called Bauxsol and the pH can be further 881 
reduced by acid treatment. Akhurst et al. (2006) found that phosphate removal efficiency of 882 
these materials increased in the order, red mud < Bauxsol < acid treated red mud. The 883 
optimum phosphate removal was achieved at a pH of around 5.2. They postulated that a 884 
combination of ligand exchange (inner sphere complex formation), together with surface 885 
precipitation by the abundant Fe, Al, Ca, and Mg compounds were the likely phosphate 886 
removal mechanisms. 887 
 In reviewing the studies on the use of red mud as an sorbent for phosphate, Wang et 888 
al. (2008) and Bhatnagar et al. (2011) reported that red mud generally exhibits low sorption 889 
but activation by acid treatment or heat treatment can improve the sorptive capacity. For 890 
example, Li et al. (2006) studied the phosphate sorptive capacities of red mud acidified with 891 
different concentrations of HCl (0.001-2 mole/L) and heating temperatures varying from 200 892 
to 1000oC. They found that the sorptive capacity was highest with 0.25 mole/L HCl and 893 
700oC heating treatments. The increase of sorption with increase of acidity up to 0.25 mole/L 894 
 38 
 
and temperature up to 700oC was explained as due to increase surface area and porosity. Acid 895 
treatment also reduces the pH of solution which is known to increase phosphate sorption. But 896 
at very high acid concentration and temperature, phosphate removal decreased due to 897 
dissolution/decomposition of certain phosphate sorbing minerals in red mud.  898 
 Because red mud is finely divided, it needs to be granulated for column techniques. 899 
Red mud granular sorbents have been produced by mixing red mud with starch and bentonite 900 
at different ratios and sintering temperatures. These will determine the best conditions needed 901 




4.3.2. Slags 906 
 907 
 Most studies on steel industry by-products like blast furnace slag, electric arc furnace 908 
slag, basic oxygen furnace slag and converter slag have shown that these materials are highly 909 
promising for removing phosphates from water (Bowden et al. 2009; Westholm 2006; Xue et 910 
al. 2009). This ability is due to the presence of oxides of Ca, Fe, Al, Mg, and Mn.  911 
Studies have found big differences in phosphate removal capacities of slag materials 912 
because the methods used differed, and furthermore the slag materials’ chemical and physical 913 
characteristics varied. For example, Johansson (1999b) reported that phosphate sorption 914 
capacity decreased following the order, coarse crystalline blast furnace slag (BFS), fine 915 
crystalline BFS, amorphous fine BFS, and amorphous coarse BFS. This was explained by the 916 
difference were suggested to be a difference in surface area and surface structure resulting in 917 
different amounts of reactive calcium.  Bowden et al. (2009) reported that basic oxygen 918 
furnace slag (BOFS) had higher phosphate removal capacity than many other steel slags 919 
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because of a higher Ca content (42-44% CaO) and free lime content (4-6%). XRD, E-SEM, 920 
and EDX data showed that at low phosphate concentrations the mechanism of phosphate 921 
sorption was chemisorption (inner-sphere complexation) but at high phosphate concentration 922 
the mechanism was surface precipitation of several calcium phosphate compounds. Similarly, 923 
Xue et al. (2009) reported that the phosphate sorption capacity of BOFS was higher than that 924 
of BFS. Their study also showed that BOFS modified by milling and acid treatment had 925 
higher phosphate sorption capacity than the unmodified BOFS. This was due to the increase 926 
in surface area and porosity caused by these treatments and the acid treatment reducing the 927 
negative charges on the sorbent surface thus favouring sorption of anions like phosphate. 928 
Gong et al. (2009) showed that the sorption capacity of BFS can be improved by 929 
surface modification with hydrated lime. They investigated phosphate sorption on different 930 
weight ratios of BFS and hydrated lime, finding that combining these two materials had 931 
higher sorption capacity than BFS or hydrated lime alone. Improved pore structure with 932 
higher surface area of the combined BFS and hydrated lime material provided more sorption 933 
sites for phosphate to produce surface precipitation of Al, Ca, and Fe phosphates. 934 
Titanium/Al rich metal slags produced as a by-product from steel mills have been 935 
used with 54-84% efficiency of removing P from farm effluent treatment ponds (Miller 936 
2005). Pratt et al. (2007) investigated the mechanisms of P removal by these slags in order to 937 
understand the large variation in P removal efficiency. The following mechanisms for P 938 
removal were suggested: (1) P sorption onto metal oxides/oxy-hydroxides, which are 939 
ubiquitous throughout the porous slag matrix and its surface film; (2) P precipitation, mainly 940 
as Fe-phosphates (determined by SEM/EDS) on the surface film, derived from the release of 941 
metal ions into the solution phase; and (3) P sequestration by an amorphous organic resin 942 
consisting of a substantial proportion of the surface film, which was deduced by SEM/EDS 943 




4.3.3. Fly ash 946 
 947 
Fly ash is a major by-product that is produced from the combustion of coal in power 948 
stations. It consists of fine and powdery materials (1-100 µm) made up of a mixture of 949 
amorphous and crystalline aluminosilicates and several compounds of Si, Al, Fe, Ca, and Mg, 950 
(Yunusa et al. 2012) and therefore a good candidate material for phosphate removal from 951 
water. The process of sorption and precipitation is the main mechanism for using fly ash to 952 
remove phosphate. Ugurlu and Salman (1998) reported that phosphate removal in excess of 953 
99% from a synthetic phosphate solution was achieved using fly ash from Turkey; it 954 
contained CaO as the major chemical component (33.8% CaO). They explained this high 955 
percentage removal as due to the precipitation of phosphate with Ca dissolved from the fly 956 
ash. Hydroxyapatite formation was identified by XRD in fly ash after phosphate removal. 957 
However, Oguz (2005) considered that both precipitation and sorption were involved in the 958 
removal of phosphate by fly ash containing a medium level of Ca (11.6% CaO).  959 
 Lu et al. (2009) studied the mechanisms of phosphate sorption and precipitation 960 
separately using acid treatment of three alkaline fly ashes containing predominantly Al and Si 961 
oxides and low content of CaO. They compared phosphate removal of treated and untreated 962 
fly ashes. Phosphate removal was considerably lower for the acid treated fly ash compared to 963 
the untreated fly ash. Because acid treatment reduced the Ca content and pH of the fly ash 964 
they assumed there could not be any precipitation of phosphate. Consequently the removal of 965 
phosphate involved sorption. They concluded that at pH < 6, phosphate removal was 966 
controlled more by sorption and at pH > 8, precipitation predominated. For untreated fly ash, 967 
phosphate removal was accompanied by a decrease in Ca concentration and pH in solution, 968 
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which suggested precipitation of calcium phosphate. They presented XRD data to show that 969 
many calcium phosphate minerals were formed on fly ash samples after phosphate removal. 970 
 Activation of fly ash containing low content of Ca (2.1-2.7% CaO) by heating (up to 971 
700oC) and acid treatment (0.25 mole/L HCl) was shown to increase phosphate removal (Li 972 
et al. 2006). This was due to an increase in surface area or porosity. At temperatures above 973 
700oC and acid strength greater than 0.25 mole/L, phosphate removal declined because of 974 
dissolution or decomposition of calcite and other phosphate sorbing minerals. Although 975 
acidification increased the surface area of the samples, precipitation of phosphate with Ca is 976 
weakened due to the dissolution of calcite. Because the Ca content of the fly ash was low the 977 
precipitation mechanism’s contribution to phosphate removal was lower than the adsorption 978 
mechanism in this fly ash when compared to the fly ash with high Ca content used by Lu et 979 
al. (2009). 980 
 Fly ash is broadly grouped into acid and alkaline types. The acid type generally has 981 
low Ca content (< 20% CaO) and classified as F type ash and the alkaline type has high Ca 982 
content (> 20% CaO) and classified as C type ash (Yunusa et al. 2012). Class F ashes are 983 
produced mainly from burning anthracite and bituminous coal and Class C ashes from 984 
burning lignite and subbituminous coal. Generally, C type ashes remove phosphate by a 985 
calcium phosphate precipitation mechanism and the removal efficiency increases with Ca 986 
content in the ash (Cheung and Venkitachalam 2000; Lu et al. 2009). Phosphate removal by F 987 
type ashes is attributed to sorption or formation of insoluble Al and Fe phosphates at the low 988 
to medium values of pH (Grubb et al. 2000). 989 
 990 
 991 




Because iron oxides are known to have high phosphate sorption capacities, Zeng et al. 994 
(2004) conducted sorption studies on phosphate removal capacity of an iron oxide tailing 995 
material, an industrial waste derived from a mineral processing industry. They found that the 996 
maximum phosphate sorption capacity of the tailing material was 8 mg P/g at pH 3.5 and this 997 
decreased to 4.6 mg P/g at pH 9.5. These sorption capacities were reported to be fairly large 998 
when considering that the tailings contained only about 30% iron oxides (the majority 999 
consisted of magnetite mineral). Literature values for comparative sorption capacities at pH 1000 
3.5 for a series of amorphous and crystalline iron oxides were reported to range 5-30 mg P/g. 1001 
Zeng et al. (2004) also stated that besides iron oxides, Al, Ca and other compounds in the 1002 
tailing might have contributed to the phosphate removal. The ability to remove phosphate 1003 
convincingly using the tailing in batch experiments was confirmed by column experiments.   1004 
 Similar to iron oxide tailing, wollastonite tailing, a by-product from the mining of 1005 
wollastonite mineral (calcium meta-silicate) was shown in column experiments to be as 1006 
effective as wollastonite in removing phosphate from secondary wastewater containing an 1007 
average reactive phosphate concentration of 3.4 mg P/L (Brooks et al. 2000). Greater than 1008 
80% removal of phosphate was reported in a majority of column tests and effluent 1009 
concentration of 0.14-0.50 mg/L. Because the cost of tailings ($3/ton) was 100 times less 1010 
than pure wollastonite ($308/ton), the tailing was considered to be economical in removing 1011 
phosphate.  1012 
 Iron containing humic materials such as iron humate (IH) by-product obtained during 1013 
the precipitation of wastewaters from alkali humates manufacturing industry with iron salts is 1014 
able to remove phosphate from water. Janoš et al. (2011) found that an IH material having 1015 
approximately 11% Fe had a high phosphate sorption capacity of 3.4-11.5 mg P/g. The 1016 
sorption process proved to be slow in reaching equilibrium (more than three days) and nearly 1017 
independent of pH in a slightly acidic to neutral range. These results led them to suggest that 1018 
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in addition to the ligand exchange mechanism, other mechanisms such as co-precipitation and 1019 
surface precipitation played a significant role in the sorption process. 1020 
 1021 
 1022 
4.4. Biological wastes 1023 
 1024 
The efficiencies of removal of phosphate by various biological wastes, the methods 1025 
used, and the kinetic and equilibrium models best explained the sorption data are presented in 1026 
Table 5. 1027 
Biological wastes are mostly of agricultural origin and they are commonly used to 1028 
improve the chemical, physical and biological properties of soils. They can also be used as 1029 
low-cost sorbents to remove pollutants including phosphate from water. These wastes consist 1030 
of useful cationic functional groups that have significant potential for sorption of phosphate 1031 
as discussed earlier. Their sorption capacities can be improved by converting them into 1032 
activated carbon or chemically modifying the structure of the material to increase the porosity 1033 
or surface properties. For example, Xu et al. (2010b) produced a wheat straw anion 1034 
exchanger (WSAE) by grafting compounds having amine groups onto washed and ground 1035 
raw wheat straw and the product was tested for phosphate removal from water. The 1036 
maximum sorption capacity of 45.7 mg P/g found for WSAE was higher than the capacities 1037 
of many commercial anion exchange resins and activated carbon. The high value was due to 1038 
the presence of abundant amine groups as shown by FTIR and NMR data and high positive 1039 
zeta potential (-28.2 to +32.4 mV compared to -48.0 to +4.6 mV for unmodified wheat straw 1040 
in the pH range 2-12).  1041 
 Similarly, in a more recent study, Xu et al. (2011) determined the phosphate sorption 1042 
properties of a new kind of sorbent by grafting amine groups onto washed, dried and ground 1043 
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giant reed, a well-known fibre crop cultivated widely in wetlands. The column sorption 1044 
capacity for phosphate was found to be 55.7 mg/g in comparison with 0.9 mg/g for the raw 1045 
giant reed material. FTIR spectrum indicated that phosphate was associated with the amine 1046 
groups in the modified giant reed after sorption. The optimum pH of phosphate sorption was 1047 
reported to be 5-10 in the pH range 2-12 tested. Yue et al. (2010a) also grafted organic 1048 
compounds containing amine groups onto giant reeds to increase the phosphate sorptive 1049 
capacity. The phosphate sorption capacity of 19.89 mg/g obtained for the grafted material 1050 
was shown to be comparable to many other sorbents. The effective pH range for phosphate 1051 
removal of 4-9 obtained in their study is consistent with the findings of Xu et al. (2011).  1052 
 Marshall and Wartelle (2004) developed an anion exchange resin from soybean hulls 1053 
consisting of lignocellulostic by chemical modification with an organic nitrogen compound 1054 
and tested the resin for phosphate removal capacity. The positive charge density on the resin 1055 
surface estimated from the moles of nitrogen added to soybean hulls was 0.71 mmole/g, and 1056 
the phosphate sorption capacity at pH 7 determined from Langmuir sorption isotherm was 1057 
19.5 mg P/g. This sorption capacity was more than that of a commercial cellulose-based resin 1058 
(14.3 mg P/g) but less than a commercial synthetic resin (Amberlite IRA-400, 32.2 mg P/g). 1059 
 Increasing the pore volume of sorbents is another means of enhancing the sorptive 1060 
capacity of materials. Benyoucef and Amrani (2011) reported increased removal of phosphate 1061 
from a synthetic phosphate solution by a chemically modified saw dust of Aleppo pine (a 1062 
fibre crop). The chemical modification by hexane-ethanol extraction followed by acid 1063 
prehydrolysis and urea addition resulted in the development of more pores and increased 1064 
number of functional groups than those in unmodified saw dust. These changes explained the 1065 
increased phosphate removal by the chemically modified saw dust.  1066 
 Iron rich organic wastes have been shown to have good phosphate removal capacities. 1067 
Rentz et al. (2009) tested samples of biogenic iron oxides produced by iron oxidising bacteria 1068 
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in a freshwater wetland for their phosphate removal capacities. The samples contained 23-1069 
34% Fe/g solids and had pH 7.1-7.7. The maximum sorption capacities normalised to iron 1070 
content (47-165 mg P/g Fe) and total solids (25-40 mg P/g solids) were higher than most of 1071 
the values reported for iron-rich or iron oxides containing materials of non-biological origin. 1072 
 Biochar production from organic materials and its application to soils is increasingly 1073 
important because it can store carbon and reduce or suppress greenhouse gas production, 1074 
including CO2, CH4 and N2O (Kookana et al. 2011; Lehmann 2007). Biochar is also a good 1075 
cost-effective sorbent for removing many pollutants, especially organic pollutants from water 1076 
(Chen et al. 2008). Sorbents prepared by incorporating iron oxides into biochar can serve the 1077 
twin purposes of removing organic pollutants and phosphate. Recently, Chen et al. (2011) 1078 
produced such materials by co-precipitation of Fe3+/Fe2+ on orange peel powder and 1079 
subsequently pyrolysing at different temperatures (250, 400, 700oC) which resulted in 1080 
magnetite (a form of iron oxide) formation and biochar preparation in one step. The materials 1081 
indicated hybrid sorption capacities to effectively remove organic pollutants and phosphate 1082 
simultaneously from water.  Phosphate sorption capacity was reported to be lowest at 400oC 1083 
and highest at 700oC. This was due to the presence of more iron oxides content on the surface 1084 
of the material produced at 250oC rather than at 400oC, because the higher temperature was 1085 
more likely to leave the iron oxide encased by the residue of the pyrolysed biomass. At the 1086 
highest temperature of 700oC there was no biochar remaining and the material was composed 1087 
only of iron oxide, therefore the phosphate sorption capacity was highest but organic 1088 
pollutant removal was very low. 1089 
 Oyster shells (OS) produced as a waste in many shellfish farms have high phosphate 1090 
removal capacity due to the presence of large amounts of CaCO3 (93-96%, Lee et al. 2009; 1091 
Park and Polprasert 2008) and high pH (11-12, Lee et al. 2009) when added to water. These 1092 
conditions favour the precipitation of phosphate as calcium phosphate. Park and Polprasert 1093 
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(2008) used OS as sorptive media in constructed wetland to remove phosphate from 1094 
wastewater and found that the removal efficiency during 240 days of operation was 95%, of 1095 
which 88% was removed by sorption/precipitation and the remaining 7% by plant uptake. 1096 
Calcium in OS is present mainly in the form of CaCO3, which is considered to be 1097 
non-reactive in the short term. Lee et al. (2009) activated the OS by pyrolysis at 750oC to 1098 
convert CaCO3 in OS into reactive CaO. Using activated OS, they obtained a phosphate 1099 
removal capacity of 98% from water. They proposed that the key mechanism of phosphate 1100 
removal was precipitation of phosphate as calcium phosphate, also stating that sorption 1101 
mechanism did not play a significant role in phosphate removal. This is because when the 1102 
OS/phosphate suspension was acidified to pH 4.0, less than 4% of the original phosphate was 1103 
removed. Another advantage of using OS for removing phosphate was reported to be the 1104 
granular nature of the activated OS which makes it much easier to handle than lime and other 1105 
powdery sorbents. Yu et al. (2010) heated OS at 700-900oC in the presence of fumed silica 1106 
and converted CaCO3 in OS into hydrated calcium silicate. This material removed 92% of 1107 
phosphate from water in 4 hours. The removal occurred due to the phosphate in water 1108 
reacting with hydrated calcium silicate to form hydroxyapatite precipitate.  1109 
  1110 
 1111 
5. Sorption thermodynamics 1112 
 1113 
The measures of the strength and spontaneous nature of sorption and whether the 1114 
sorption process is exothermic or endothermic can be proven by determining thermodynamic 1115 
parameters such as changes in Gibbs free energy (ΔG0), enthalpy (ΔH0), and entropy (ΔS0). 1116 
These thermodynamic parameters are calculated using the equations, 1117 
ΔG0 = -RT lnKd 1118 
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lnKd = ΔS0/R - ΔH0/RT 1119 
where R is the gas constant, T is the absolute temperature, and Kd is the distribution 1120 
coefficient for the sorption (ratio of the phosphate concentrations on sorbent (mmol/g) and 1121 
aqueous phase (mmol/mL)). Negative values for ΔG0 and ΔH0 indicate spontaneous and 1122 
exothermic sorption process, respectively. Exothermic reaction means that amount of 1123 
sorption decreases as temperature increases. Endothermic reaction (positive ΔH0 value) 1124 
results from the enlargement of pore sizes and/or activation of the sorbent surface (Masue et 1125 
al. 2007; Yan et al. 2010). Very low ΔH0 values are generally associated with physical 1126 
sorption and very high values with chemical sorption (Faust and Aly 1989). No definite value 1127 
for distinguishing the two forms of sorption exists. Paleka and Deliyanni (2009) reported ΔH0 1128 
values of -212.2 kJ/mole for goethite and -48.7 kJ/mole for Al oxide. Since these values are 1129 
higher than the range of ΔH0 values (8.4‒41.8 kJ/mol) for physical sorption, phosphate’s 1130 
sorption mechanism on both goethite and Al oxide was considered to be chemical, probably 1131 
resulting from ligand exchange. 1132 
Positive ΔS0 values indicate phosphate’s good affinity to sorbent and increased 1133 
randomness at the solid-solution interface associated with structural changes at the sorption 1134 
sites (Anirudhan and Senan 2011; Benyoucef and Amrani 2011; Faust and Aly 1987; 1135 
Mezenner and Bensmaili 2009; Yue et al. 2010a). 1136 
 All studies reported in Table 6 had negative ΔG0 values indicating good affinity of 1137 
phosphate for the sorbent and the sorption process was spontaneous. The majority of ΔH0 1138 
values were also negative indicating the exothermic nature of sorption.  The ΔS0 values were 1139 




6. Phosphate desorption and sorbent regeneration 1142 
A suitable sorbent for phosphate removal should not only have high phosphate 1143 
sorption capacity and cost-effectiveness but should also be amenable to easy desorption of 1144 
the sorbed phosphate and able to efficiently regenerate and reuse it for a long time. 1145 
Desorption of phosphate is done by leaching of sorbed phosphate using acids, bases and salts 1146 
(Table 7).  1147 
Simple low-cost salts such as NaCl and KCl have proved to be successful in 1148 
desorbing phosphate only from sorbents with weak sorption strength where the sorption 1149 
mechanism is non-specific (ion exchange or outer sphere complexation) (Johir et al. 2011; Xu 1150 
et al. 2010; Xu et al. 2011). Generally a high concentration of these salts is used for efficient 1151 
desorption (e.g. 3 and 5 M NaCl, Park et al. 2010) and this can lead to problems if the 1152 
phosphate in the desorbed solution is to be recovered or used for fertilising and irrigating 1153 
crops due to the risk of high salinity (Johir et al. 2011). Simple salts are found to be 1154 
ineffective in desorbing phosphate from sorbents that strongly adsorb phosphate by specific 1155 
sorption mechanisms (ligand exchange or inner sphere complexation) (Cheng et al. 2009; 1156 
Zeng et al. 2004). 1157 
Acids and bases have been successfully used in removing both specific and non-1158 
specific sorbed phosphate (Table 7). This is because phosphate sorption decreases at pH 1159 
below 3-4 and above 8-10 (Urano et al. 1992a). The reason for the reduction of phosphate 1160 
sorption below pH 3-4 is that at low pH, phosphate is predominantly present as the un-ionised 1161 
H3PO4 species that has very low sorption capacity. At pH > 8-10, both the sorbent and 1162 
phosphate species in solution are highly negatively charged (HPO4
2-, PO4
3-), providing an 1163 
unfavourable condition for sorption to the negatively charged sorbent. Furthermore, the 1164 
increased number of OH- ions present at high pH values competes with phosphate for 1165 
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sorption, thereby decreasing phosphate sorption. If the mechanism of phosphate removal at 1166 
high pH is precipitation, which occurs with Ca, Mg carbonates, phosphate may not be 1167 
successfully desorbed by bases providing a high pH environment.  High concentrations of 1168 
acids and bases are not suitable for certain sorbents (oxides of Si, Fe, and Al; LDH; 1169 
carbonates of Ca and Mg) because they can dissolve or corrode parts of the sorbents or cause 1170 
structural changes, leading to problems in regeneration and reuse of the sorbents (Cheng et al. 1171 
2009; Chitrakar et al. 2006a; Delaney et al. 2011). 1172 
 In some studies, phosphate has been successfully desorbed by using combination of 1173 
salts and bases (Kuzawa et al. 2006; Urano et al. 1992b.; Table 7). The role of bases is to 1174 
reduce the sorption capacity of the sorbent and that of salts is to desorb the phosphates by ion 1175 
exchange process. Salts commonly used are NaCl and KCl, but sometimes special salts are 1176 
used to regain the lost structure of the sorbent during the desorption process. For example, 1177 
Urano et al. (1992b) used a sorbent consisting of activated alumina and Al2(SO4)3 to remove 1178 
phosphate from water and the sorbed phosphate was desorbed by NaOH. Some sulphate in 1179 
the sorbent was desorbed and some Al was also dissolved by the NaOH treatment. Thus the 1180 
sorbent was not reusable after this desorption process and the sorbent was regenerated by 1181 
circulating solutions of Al2(SO4)3 and acid. Similarly, Kuzawa et al. (2006) used 25% MgCl2 1182 
for the regeneration of LDH sorbent after alkaline NaCl treatment to reconstruct the LDH 1183 
structure and regain the sorption capacity. 1184 
 Omori et al. (2007) reported that P sorbed onto a metal oxide and polymer (MOP) 1185 
sorbent was readily desorbed by elution with a 5% NaOH solution at a space velocity of 3/h. 1186 
After 2 and 6 h of elution (5 and 15 bed volumes) 80 and 90% P, respectively was desorbed. 1187 
The sorption capacity of the sorbent was regenerated via acid neutralisation. The alkaline (pH 1188 
14) and acid (pH 3) treatments did not release any metal ions from the sorbent, indicating the 1189 
good stability of the sorbent to these reagents. In a pilot plant study the MOP columns, after P 1190 
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removal from wastewaters, were regenerated in situ using 5-8% NaOH (Fitzpatrick et al. 1191 
2011). 1192 
 Genz et al. (2004) cautioned that in most laboratory experiments the volume ratio of 1193 
desorbing reagent to sorbent was very large compared to that in typical real filtration 1194 
operation and at these ratios operation costs would be very high. Large volumes of 1195 
regenerating solution containing high concentrations of desorbing ions create storage and 1196 
disposal problems unless the desorbing solution is reused as Kuzawa et al. (2006) suggested 1197 
(Fig. 6). Genz et al. (2004) also pointed out that over long periods of operation, phosphate 1198 
may be sorbed very strongly and deep inside the sorbent particles producing a significant 1199 
proportion of non-extractable phosphate fraction. The degree of desorption is, therefore, 1200 
expected to be less than that observed in laboratory studies.  1201 
Low cost sorbents need not be regenerated for reuse. If they have no significant 1202 
concentration of contaminants, phosphate loaded sorbents can be directly applied to land as 1203 
fertiliser without further treatment. If organic wastes are used as sorbents they can serve as a 1204 
soil amendment to increase the organic content of soils. Similarly, calcium and magnesium 1205 
carbonate sorbents, after the removal of phosphate from water, can be directly applied to land 1206 
to ameliorate soil acidity.  1207 
 1208 
7. Phosphate recovery 1209 
 1210 
Phosphorus in wastewater represents a significant renewable resource that can be 1211 
exploited to overcome part of the expected future P resource scarcity. Sludge produced 1212 
during biological phosphate removal processes, especially by the enhanced biological 1213 
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phosphate removal process (EBPR) are directly applied to land as soil amendments to 1214 
increase soils’ phosphorus fertility (Rittmann et al. 2011). Phosphorus removed by metal salt 1215 
precipitation produces inorganic sludge that is converted into Ca, Mg and NH4 phosphates by 1216 
treating it with appropriate salts (De-Bashan and Bashan 2004; Morse et al. 1998). Phosphate 1217 
recovery in the form of struvite (magnesium ammonium hexahydrate) is practiced in many 1218 
countries and is used as high quality phosphate fertiliser (De-Bashan and Bashan 2004; Le 1219 
Corre et al. 2009; Rittmann et al. 2011).  1220 
Recovery of phosphate removed from water using the sorption process has been 1221 
reported only in laboratory studies. Urano et al. (1992c) showed that phosphate removal by 1222 
chemically modified activated alumina was desorbed sufficiently (80%) by 1 M NaOH and 1223 
when CaCl2 was added to the desorbed solution, phosphate was precipitated as Ca hydroxyl 1224 
phosphate. They added sulphuric acid to convert this precipitate into Ca phosphate that was 1225 
considered to be a useful phosphate fertiliser. A CaCl2 concentration, 2-3 times that of 1226 
phosphate in the solution, was vital to precipitate all the P in the solution. A high 1227 
concentration of CaCl2 was used to make up some of the calcium lost in the reaction with 1228 
carbonate in the solution. 1229 
Kuzawa et al. (2006) proposed a scheme whereby the phosphate desorbed from LDH 1230 
sorbent by 10% NaCl + 3% NaOH + 25% MgCl2 could be recovered as Ca phosphate 1231 
precipitate by the addition of CaCl2 and the desorbing solution after every use could be 1232 
reused by supplementation with additional NaOH (Fig. 6). In their study the exhausted 1233 
desorption solution in each operation of column leaching ranged from 1700 to 2030 mg P/L. 1234 
Because of the high P concentration, Ca phosphate compounds were easily precipitated using 1235 
CaCl2. It was found that a Ca to P mole ratio of 2 was the optimum dosage of CaCl2. At low 1236 
Ca to P ratios, significant concentration of residual P was present in solution because part of 1237 
the Ca added was used up in Ca(OH)2 precipitation in the strongly alkaline solution. The 1238 
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alkaline solution after the recovery of P can be reused as desorbing solution saving cost on 1239 
chemicals and reducing disposal problems. Kuzawa et al. (2006) suggested that this proposed 1240 
method of recovery needs further research in full scale treatment plants. 1241 
Midorikawa et al. (2008) used Ca(OH)2 instead of CaCl2 to recover phosphate 1242 
desorbed by NaOH from columns containing beads of a mixture of a metal oxide and a 1243 
polymer. They reported that all P was precipitated as calcium phosphate at a Ca/P mole ratio 1244 
of 2.0. The XRD and XRF analyses showed that the precipitate was hydroxyapatite with a P 1245 
content of 16%, which corresponded to a bone phosphate lime value of 80%. This value 1246 
indicated that the recovered precipitate was a high grade phosphate ore. The metal contents of 1247 
the recovered precipitate were lower than those in phosphate ore, further indicating the high 1248 
quality of this precipitate as a P fertiliser (Tsuji et al. 2011).  Midorikawa et al. (2008) also 1249 
proposed a P removal and recovery system with recycling of the alkaline desorbing solution 1250 
similar to the method reported by Kuzawa et al. (2006). Recently this system was 1251 
successfully tested in pilot plants in Japan and USA (Fitzpatrick et al. 2011; Tsuji et al. 1252 
2011). 1253 
 1254 
8. Summary and conclusions 1255 
 1256 
Excessive P released into water bodies by mining, industrial and agricultural activities 1257 
and municipal discharge causes eutrophication. To control it, many countries’ regulations and 1258 
guidelines set limits on the concentration of P entering receiving waters. To comply with 1259 
these regulations and guidelines, wastewaters are treated with physical, chemical, and 1260 
biological processes. Sorption is generally considered an effective and attractive treatment 1261 
process because of its ease of operation, simplicity of design, ability to remove phosphorus at 1262 
very low concentrations and minimal waste production. However, in most waste treatment 1263 
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plants, chemical and biological removal of phosphate is the method used, but with the 1264 
emphasis on recovery of removed phosphate, sorption is becoming attractive. 1265 
Several sorbents are used as filter media in filter-based systems and as bed media in 1266 
constructed wetlands. A sorbent is considered suitable if it has high phosphate sorption 1267 
capacity, cost-effectiveness, is able to regenerate for reuse, and good hydrological 1268 
conductivity without filter clogging. The sorbents tested for phosphate removal can be 1269 
classified as multivalent metal oxides and hydroxides, silicates, Ca and Mg carbonates, layer 1270 
double hydroxides (LDHs), natural and synthetic organic compounds, industrial by-products, 1271 
and organic wastes. Most studies reported were conducted in laboratories where using the 1272 
batch method was prevalent while others mainly using the dynamic column.  1273 
Of the sorbents, Fe, Al, and Zr metal oxides and hydroxides, LDHs, and highly 1274 
porous metal oxide/polymer composites generally had the highest phosphate sorption 1275 
capacities.  Activation by heat and acid treatments enhanced the sorption capacities of some 1276 
sorbents (e.g. LDHs, Fe and Al oxides and hydroxides, red mud). Surface modification of 1277 
sorbents by grafting metals and organic functional groups also enhanced sorption capacities. 1278 
However, activation and surface modification of sorbents increase the cost of sorbents and 1279 
therefore a cost-benefit analysis is required. These sorbents, because of their high sorption 1280 
capacities, are promising materials if extremely low P concentration is required in the treated 1281 
water. 1282 
Though many industrial by-products and organic wastes have low sorption capacities 1283 
they are attractive because they have low costs (mainly transport) and money can be saved on 1284 
disposal costs. These materials’ low sorption capacity can be overcome by using large 1285 
volumes of sorbents. These materials are recommended for use in areas where they are 1286 
locally available to reduce transport costs. 1287 
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Sorption capacities of sorbents are difficult to compare because of many 1288 
inconsistencies in data presentation such as methodology and environmental conditions used 1289 
(e.g. pH, temperature, phosphate concentration range, presence of competing ions). In some 1290 
studies, different sorption capacities were reported for the same material because of 1291 
variations in the materials’ chemical and physical characteristics (e.g. mineralogy, chemical 1292 
composition, porosity, surface area).  1293 
Many anions co-exist with phosphate in wastewater. In general, nitrate and chloride 1294 
do not interfere with phosphate sorption, because they are non-specifically sorbed, whereas 1295 
phosphate is specifically sorbed in many sorbents. Sulphate, carbonate, and bicarbonate are 1296 
specifically sorbed in certain sorbents, and therefore they can compete with phosphate for 1297 
sorption depending on their relative concentrations. 1298 
The mechanisms of phosphate removal are ion exchange (non-specific sorption), 1299 
ligand exchange (specific sorption), precipitation, and diffusion. All studies reporting on 1300 
sorption thermodynamics showed negative ΔG0 values indicating spontaneous sorption 1301 
process. Many studies reported exothermic sorption reaction (negative ΔH0). Equilibrium 1302 
sorption data generally fitted to the Langmuir or Freundlich sorption isotherm models or 1303 
both.  Much of the kinetic data fitted to the pseudo-second order model.  Phosphate removal 1304 
for most of the sorbents was lower at pH < 2-3 and pH > 7-8.  For some sorbents the removal 1305 
decreased when pH rose from pH 4 onwards. For sorbents which remove phosphate by 1306 
precipitation at high pH (e.g. Ca and Mg carbonates) the removal was highest at pH > 7-8.  1307 
Sorbents can be regenerated for reuse by regaining 80% or more of the sorption 1308 
capacity using acids, bases, and salts to desorb the sorbed phosphate. Phosphate in the 1309 
desorbed solution can be recovered as Ca phosphate compounds by the addition of CaCl2 or 1310 
Ca(OH)2. Schemes have been proposed for this recovery, which requires testing in real 1311 
treatment plants. If phosphate can be economically recovered, it can be used as a fertiliser. 1312 
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This technology can help overcome part of the perceived future shortage of phosphate 1313 
reserves. Low-cost sorbents containing minimum contaminants, after phosphate removal, can 1314 
be directly applied to lands to supply phosphate to plants. Some can produce additional 1315 
benefits such as increase in organic carbon content and acid-ameliorated soils. 1316 
Future research must explore highly efficient, low cost sorbents that can be easily 1317 
regenerated over several cycles of operations without significant loss of sorptive capacity and 1318 
have good hydraulic conductivity to prevent filters clogging during a fixed-bed treatment 1319 
process. Reuse of the regenerating solution will alleviate the problems of storage and 1320 
discharge of the solution. Most studies reported have been conducted in batch trials on 1321 
synthetic waters. These trials need to be extended using continuous mode column trials which 1322 
are more relevant to real operating systems on natural waters containing other ions as well. 1323 
Recovery of the phosphate removed by sorption and production of fertilisers need to be 1324 
researched in full scale plants. 1325 
 1326 
 1327 
9. Acknowledgments 1328 
 1329 
This work was funded by Australian Research Council Discovery Research Project (DP 1330 
1092603). 1331 
 1332 




Akhurst, D.J., Jones, G.B., Clark, M., and McConchie, D. (2006). Phosphate removal from 1335 
aqueous solutions using neutralised bauxite refinery residues (BauxsolTM0. Environ. 1336 
Chem. 3, 65-74. 1337 
Akratanakul, S., Boersma, L., and Klock, G.O. (1983). Sorption process in soils as influenced 1338 
by pore water velocity: II. Experimental results. Soil Sci. 155, 331-341. 1339 
Anirudhan, T.S., and Senan, P. (2011). Adsorption of phosphate ions from water using a 1340 
novel cellulose-based adsorbent. Chem. Ecol. 27, 147-164. 1341 
Antelo, J., Avena, M., Fiol, S., López, R., and Arce, F. (2005). Effects of pH and ionic 1342 
strength on the adsorption of phosphate and arsenate at the goethite-water interface. J. 1343 
Colloid Interface Sci. 285, 476-486. 1344 
ANZECC (2000). Australian water quality guidelines for fresh and marine waters. Volume 1. 1345 
Australian and New Zealand Environment and Conservation Council, Canberra, 1346 
Australia. 1347 
Awual, R., Jyo, A., El-Safty, S.A., Tamada, M., and Seka, N. (2011). A weak-fibrous anion 1348 
exchanger effective for rapid phosphate removal from water. J. Hazard. Mater. 188, 1349 
164-171. 1350 
Awual, R., Urata, S., Jyo, A., Tamada, M., Katakai, A. (2008). Arsenate removal from water 1351 
by a weak-base anion exchange fibrous adsorbent. Water Res. 41, 689-696. 1352 
Babatunde, A.O., and Zhao, Y.Q. (2010). Equilibrium and kinetic analysis of phosphorus 1353 
adsorption from aqueous solution using waste alum sludge. J. Hazard. Mater. 184, 746-1354 
752. 1355 
Bae, B., Jung, Y., Han, W., Shin, H. (2002). Improved brine recycling during nitrate removal 1356 
 57 
 
using ion exchange. Water Res. 36, 3330-3340.  1357 
Bajracharya, K., and Barry, D.A. (1995). Analysis of one-dimensional multispecies transport 1358 
experiments in laboratory soil columns. Environ. Internat. 21, 687-691. 1359 
Bastin, O., Janssens, F., Dufey, J., and Peeters, A. (1999). Phosphorus removal by a synthetic 1360 
iron oxide-gypsum compound. Ecol. Engineer. 12, 339-351. 1361 
Benyoucef, S., and Amrani, M. (2011). Adsorption of phosphate ions onto low cost Aleppo 1362 
pine adsorbent. Desalination 275, 231-236. 1363 
Bhatnagar, A., and Sillanpää, M. (2011). A review of emerging adsorbents for nitrate 1364 
removal from water. Chem. Eng. J. 168, 493-504. 1365 
Bhatnagar, A., Vilar, V.J.R., Botelho, C.M.S., and Boaventura, R.A.R. (2011). A review of 1366 
the use of red mud as adsorbent for the removal of toxic pollutants from water and 1367 
wastewater. Environ. Technol. 32, 231-249. 1368 
Blaney, L.M., Cinar, S., SenGupta, A.K. (2007). Hybrid anion exchanger for trace phosphate 1369 
removal from water and wastewater. Water Res. 41, 1603-1613. 1370 
Bolan, N.S., Naidu, R., Syers, J.K., and Tillman, R.W. (1999). Surface charge and solute 1371 
interactions in soils.  Adv. Agron. 67, 88-141. 1372 
Bolan, N.S., Syers, J.K., and Sumner, M.E. (1993). Calcium-induced sulphate adsorption by 1373 
soils. Soil Sci. Soc, Amer. J. 57, 691-696. 1374 
Bolan, N.S., Syers, J.K. and Tillman, R.W. (1986).  Ionic strength effects on surface charge and 1375 
adsorption of phosphate and sulphate by soils.  J. Soil Sci. 37, 379-388. 1376 
Bowden, L.I., Jarvis, A.P., Younger, P.L., and Johnson, K.L. (2009). Phosphorus removal 1377 
from waste waters using basic oxygen steel slag. Environ. Sci. Technol. 43, 2476-2481. 1378 
 58 
 
Brooks, A.S., Rozenwald, M.N., Geohring, L.D., Lion, L.W., and Steenhuis, T.S. (2000). 1379 
Phosphorus removal by wollastonite: A constructed wetland substrate. Ecol. Eng. 15, 1380 
121-132. 1381 
Chazarenc, F., Brisson, J., and Comeau, Y. (2007). Slag columns for upgrading phosphorus 1382 
removal from constructed wetland effluents. Water Sci. Technol. 56, 109-115. 1383 
Chen, B., Chen, Z., and Lv, S. (2011). A novel magnetic biochar efficiently sorbs organic 1384 
pollutants and phosphate. Bioresource Technol. 102, 716-723. 1385 
Chen, X., Chen, X., Wan, X., Weng, B., and Huang, Q. (2010). Water hyacinth (Eichhornia) 1386 
waste as an adsorbent for phosphorus removal from swine wastewater. Bioresour. 1387 
Technol. 101, 9025-9030. 1388 
Chen, B., Zhou, D., and Zhu, L. (2008). Transitional adsorption and partition of nonpolar and 1389 
polar aromatic contaminants by biochars of pine needles with different pyrolitic  1390 
temperatures. Environ. Sci. Tech. 42, 5137-5143. 1391 
Cheng, X., Huang, X., Wang, X., Zhao, B., Chen, A., and Sun, D. (2009). Phosphate 1392 
adsorption from sewage sludge using zinc-aluminum layered double hydroxides. J. 1393 
Hazard. Mater. 169, 958-964.   1394 
Cheng, X., Huang, X., Wang, X., Zhao, B., and Sun, D. (2010). Influence of calcination on 1395 
the adsorptive removal of phosphate by a Zn-Al layered double hydroxides from excess 1396 
sludge liquor. J. Hazard. Mater. 177, 516-523. 1397 
Cheung, K.C., and Venkitachalam, T.H. (2000). Improving phosphate removal of sand 1398 
infiltration system using alkaline fly ash. Chemosphere 41, 243-249. 1399 
 59 
 
Chingombe P., Saha, B., and Wakeman, R.J. (2005). Surface modification and 1400 
characterisation of a coal-based activated carbon. Carbon 43, 3132-3143. 1401 
Chitrakar, R., Tezuka, S., Sonoda, A., Sakane, K., Ooi, K. and Hirotsu, T. (2006a). Phosphate 1402 
adsorption on synthetic goethite and akaganeite. J. Colloid Interface Sci. 298, 602-608. 1403 
Chitrakar, R., Tezuka, S., Sonoda, A., Sakane, K., Ooi, K. and Hirotsu, T. (2006b). Selective 1404 
adsorption of phosphate from sea water and wastewater by amorphous zirconium 1405 
hydroxide. J. Colloid Interface Sci. 297, 426-433. 1406 
Chitrakar, R., Tezuka, S., Hosokawa, J., Makita, Y., Sonoda, A., Ooi, K. and Hirotsu, T. 1407 
(2010). Uptake properties of phosphate on a novel Zr-modified MgFe-LDH(CO3).  J. 1408 
Colloid Interface Sci. 349, 314-320. 1409 
Chouyyok, W., Wiacek, R.I., Pattamakomsan, K., Sangvanich, T., Grudzien, R.M., and 1410 
Fryxell, G.E. (2010). Phosphate removal by anion binding on functionalized 1411 
nanoporous sorbents. Environ. Sci. Technol. 44, 3073-3078. 1412 
Chubar, N. (2010). Physico-chemical treatment of micropollutants: Adsorption and ion 1413 
exchange.p. 165-203.  In: Treatment of Micropollutants in Water and Wastewater (Eds) 1414 
Virkutyte, J., Varma, R.S., and Jegatheesan, V. IWA publishing, London. 1415 
Chubar, N.I., Kanibolotskyy, V.A., Strelko, V.V., Gallios, G.G., Samanidou, V.F., 1416 
Shaposhnikova, T.O., Milgrandt, V.G., and Zhuravlev, I.Z. (2005). Adsorption of 1417 
phosphate ions on novel inorganic ion exchangers. Colloids Surfaces A: Physicochem. 1418 
Eng. Aspects 255, 55-63. 1419 
Clean water Technology Ltd (2010). Removing phosphorus to concentrations below 0.03 1420 
mg/L.  http:www.cleanwatertechnology.ie/index.php. 1421 
 60 
 
Clesceri, N.L., and Lee, G.F. (1965). Hydrolysis of condensed phosphates. 1. Non-sterile 1422 
environment. Inter. J. Air Water Poll. 9, 723-742. 1423 
Collingwood, R.W. (1977). A Survey of Eutrophication in Britain and its Effects on Water 1424 
Supplies. Water Research Centre, Technical Report, TR40. 1425 
Cordell, D., Rosemarin, A., Schröder, J.J., and Smit, A.L. (2011). Towards global phosphorus 1426 
security: A systems framework for phosphorus recovery and reuse options. 1427 
Chemosphere 84, 747-758. 1428 
Davies, A.W. (1980). Scientific Investigations into the Eutrophication of the Norfolk Broads, 1429 
Department of the Environment, Central Directorate on Environmental Pollution, 1430 
Report No. 8, 63-70. 1431 
De-Bashan, L.E., and Bashan, Y. (2004). Recent advances in removing phosphorus from 1432 
wastewater and its future use as fertilizer (1997-2003). Water Res. 38, 4222-4246. 1433 
Delaney, P., McManamon, C., Hanrahan, J.P., Copley, M.P., Holmes, J.D., and Morris, M.A. 1434 
(2011). Development of chemically engineered porous metal oxides for phosphate 1435 
removal. J. Hazard. Mater. 185, 382-391. 1436 
Deliyanni, E.A., Peleka, E.N., and Lazaridis, N.K. (2007). Comparative study of phsphates 1437 
removal from aqueous solutions by nanocrystalline akaganéite and hybrid surfactant-1438 
akaganéite. Sep. Purif. Technol. 52, 478-486. 1439 
Elzinga, E.J., and Sparks, D.L. (2007). Phosphate adsorption onto hematite: An insitu ATR-1440 
FTIR investigation of the effects of pH and loading level on the mode of phosphate 1441 
surface complexation. J. Colloid Interface Sci. 308, 53-70. 1442 
 61 
 
EPA (2009). Nutrient Control Design Manual – State of Technology Review Report, January 1443 
2009. Office of Research and Development, National Risk Management Research 1444 
Laboratory, Water Supply and Water Resources Division, Cincinnati, Ohio. 1445 
European Commission (2009). Guidance Document on Eutrophication Assessment. Common 1446 
Implementation Stractegy for the Water Framework Directive (2000/60/EC). Guidance 1447 
Document No 23. Technical Report 2009-030. 1448 
Faust, S.D., and Aly, O.M. (1987). Adsorption Process for Water Treatment. Butterworths, 1449 
Boston. 1450 
Fitzpatrick, J., Aoki, H., Koh, S., deBarbadillo, C., Midorikawa, I., Miyazaki, M., Omori, A., 1451 
and Shimizu, T. (2011). Phosphorus recovery with ultra-low adsorption process. 1452 
Proceed. Water Environ. Federation/IWA Nutrient Recovery Manage. Conf., 778-789. 1453 
Ford, R.G. (2006). Structural dynamics of metal partitioning to mineral surfaces. In: Hamon, 1454 
R.,  McLaughlin, M., and Lombi, E. (eds.), Natural Attenuation of Trace Element 1455 
Availability in Soils. CRC Taylor and Francis Group, New York, pp. 73–88. 1456 
Genz, A., Kornmüller, A., and Jekel, M. (2004). Advanced phosphorus removal from 1457 
membrane filtrates by adsorption on activated aluminium oxide and granulated ferric 1458 
hydroxide. Water Res. 38, 3523-3530. 1459 
Goh, K., Lim, T., and Dong, Z. (2008). Application of layered double hydroxides for removal 1460 
of oxyanions: A review. Water Res. 42, 1343-1368. 1461 
Gong, G., Ye, S., Tian, Y., Wang, Q., Ni, J., and Chen, Y. (2009). Preparation of a new 1462 
sorbent with hydrated lime and blast furnace slag for phosphorus removal from aqueous 1463 
solution. J. Hazard. Mater. 166, 714-719. 1464 
 62 
 
Grubb, D.G., Guimarrraes, M.S., and Valencia, R. (2000). Phosphate immobilisation using an 1465 
acidic type F fly ash. J. Hazard. Mater. 76, 217-236. 1466 
Gupta, M.D., Loganathan, P., and Vigneswaran, S. (2012). Adsorptive removal of nitrate and 1467 
phosphate from water by a Purolite ion exchange resin and hydrous ferric oxide 1468 
columns in series. Sep. Sci. Tech. 47, 1785-1792. 1469 
Gupta, V.K., Carrott, J.M., Carrott, M.M.L.R., and Subas. (2009). Low-cost adsorbents: 1470 
Growing approach to wastewater treatment – a review. Critical Rev. Environ. Sci. 1471 
Technol. 39, 783-842. 1472 
Hamoude, S., Saad, R., and Belkacemi, K. (2007). Adsorptive removal of phosphate and 1473 
nitrate anions from aqueous solutions using ammonium-functionalized mesoporous 1474 
silica. Ind. Eng. Chem. Res. 46, 8806-8812. 1475 
Hanly, J.A., Hedley, M.J., and Horne, D.J. (2008). Evaluation of tephra for removing 1476 
phosphorus from dairy farm drainage waters. Aust. J. Soil Res. 46, 542-551. 1477 
He, H., Kang, H., Ma, S., Bai, Y., and Yang, X. (2010). High adsorption selectivity of ZnAl 1478 
layered double hydroxides and the calcined materials toward phosphate. J. Colloid 1479 
Interface Sci. 343, 225-231. 1480 
Healy, T.W., Herring, A.P., and Fuerstenau, D.W. (1966). The effect of crystal structure on 1481 
the surface properties of a series of manganese oxides. J. Colloid Interface Sci. 21, 436-1482 
444.  1483 
Helferich, F. (1995). Ion Exchange. Dover Publication Inc., USA. 1484 
 63 
 
Hingston, F.J., Posner, A.M., and Quirk, J.P. (1972). Anion adsorption by goethite and 1485 
gibbsite 1. The role of the proton in determining adsorption envelopes. J. Soil Sci. 23, 1486 
177-192. 1487 
Hussain, S., Aziz, H.A., Isa, M.H., Ahmad, A., Leeuwen, J.V., Zou, L., Beecham, S., and 1488 
Umar, M. (2011). Orthophosphate removal from domestic wastewater using limestone 1489 
and granular activated carbon. Desalination 271, 265-272. 1490 
Isherwood, K.F. (2000). Mineral fertiliser use and the environment. Fertiliser Industry 1491 
Association/United Nations Environment Programme, Paris. 106pp. 1492 
Janoš, P., Kopecká, A., and Hejda, S. (2011). Utilisation of waste humate product (iron 1493 
humate) for the phosphorus removal from water. Desalination 265, 88-92. 1494 
Jellali, S., Wahab, M.L., Anane, M., Riahi, K., and Bousselmi, L. (2010). Phosphate mine 1495 
wastes reuse for phosphorus removal from aqueous solutions under dynamic 1496 
conditions. J. Hazard. Mater. 184, 226-233. 1497 
Johansson, L. (1999a). Blast furnace slag as phosphorus sorbents - column studies. Sci. Total 1498 
Environ. 229, 89-97. 1499 
Johansson, L. (1999b). Industrial by-products and natural substrata as phosphorus sorbents. 1500 
Environ. Technol. 20, 309-316. 1501 
Johir, M.A.H., George, J., Vigneswaran, S., Kandasamy, J., Grasmick, A. (2011). Removal 1502 
and recovery of nutrients by ion exchange from high rate membrane bio-reactor (MBR) 1503 
effluent. Desalination 275, 197-202. 1504 
Karaca, S., Gürses, A., Ejder, M., and Acikyildiz, M. (2006). Adsorptive removal of 1505 
phosphate from aqueous solutions using raw and calcined dolomite. J. Hazard. Mater. 1506 
B128, 273-279. 1507 
 64 
 
Kasama, T., Watanabe, Y., Yamada, H., and Murakami, T. (2004). Sorption of phosphates on 1508 
Al-pillered smectites and mica at acidic to neutral pH. Appl. Clay Sci. 25, 167-177. 1509 
Khadhraoui, M., Watanabe, T., and Kuroda, M. (2002). The effect of the physical structure of 1510 
a porous Ca-based sorbent on its phosphorus removal capacity. Water Res. 36, 3711-1511 
3718. 1512 
Khan, A.I., and O’Hara, D. (2002). Intercalation chemistry of layered double hydroxides: 1513 
recent developments and applications. J. Mater. Chem. 12, 3191-3198. 1514 
Koilraj, P., and Kannan, S. (2010). Phosphate uptake behaviour of ZnAlZr ternary double 1515 
hydroxides through surface precipitation. J. Colloid Interface Sci. 341, 289-297. 1516 
Kookana, R.S., Naidu, R., Barry, D.A., Tran, Y.T., and Bajracharya, K. (1999). Sorption-1517 
desorption equilibria and dynamics of cadmium during transport in soil. In: Selim, 1518 
H.M., and Iskander,I.K. (eds.), Fate and Transport of Heavy Metals in the Vadose 1519 
Zone. Lewis Publishers, Washington D. C., pp. 59–90. 1520 
Kookana, R.S., Sarmah, A.K., van Zweeten, L., Krull, E., and Singh, B. (2011). Biochar 1521 
application to soil: Agronomic and environmental benefits and unintended 1522 
consequences. Adv. Agron. 112, 103-143. 1523 
Kuzawa, K., Jung, Y., Kiso, Y., Yamada, T., Nagai, M., and Lee, T. (2006). Phosphate 1524 
removal and recovery with a synthetic hydrotalcite as an adsorbent. Chemosphere 62, 1525 
45-52. 1526 
Le Corre, K.S., Valsami-Jones, E., Hobbs, P., and Parsons, S.A. (2009). Phosphorus recovery 1527 
from wastewater by struvite crystallization: a review. Critical Rev. Environ. Sci. Tech. 1528 
39, 433-477. 1529 
 65 
 
Lee, C.W., Kwon, H.B., Jeon, H.P., and Koopman, B. (2009). A new recycling material for 1530 
removing phosphorus from water. J. Cleaner Production 17, 683-687. 1531 
Lehmann, J. (2007). A handful of carbon. Nature 447, 143-144. 1532 
Li, Y., Liu, C., Luan, Z., Peng, X., Zhu, C., Chen, Z., Zhang, Z., Fan, J., and Jia, Z. (2006). 1533 
Phosphate removal from aqueous solutions using raw and activated red mud and fly 1534 
ash. J. Hazard. Mater. B137, 374-383. 1535 
Li, H., Ru, J., Yin, W., Liu, X., Wang, J., and Zhang, W. (2009). Removal of phosphate from 1536 
polluted water by lanthanum doped vesuvianite. J. Hazard Mater. 168, 326-330. 1537 
Liesh, A.M. (2010). Wastewater phosphorus removal by two different types of andesitic 1538 
volcanic tephra. J. Nat. Resour. Life Sci. Educ. 39, 40-44. 1539 
Loganathan, P., Burau, R.G., and Fuerstenau, D.W. (1977).  Influence of pH on the sorption 1540 
of Co2+, Zn2+ and Ca2+ by a hydrous manganese oxide, Soil Sci. Soc. Am. J., 41, 56–64.  1541 
Long, F., Gong, J., Zeng, G., Chen, L., Wang, X., Deng, J., Niu, Q., Zhang, H., and Zhang, 1542 
X. (2011). Removal of phosphate from aqueous solution by magnetic Fe-Zr binary 1543 
oxide. Chem. Eng. J. 171, 448-455. 1544 
Lu, S.G., Bai, S.Q., Zhu, L., and Shan, H.D. (2009). Removal mechanism of phosphate from 1545 
aqueous solution by fly ash. J. Hazard. Mater. 161, 95-101. 1546 
Ma, J., Lenhart, J.H., and Tracy, K. (2011). Orthophosphate adsorption equilibrium and 1547 
breakthrough on filtration media for storm-water runoff treatment. J. Irrig. Drain. Eng.. 1548 
ASCE 137, 244-250. 1549 
Mahmudov, R., and Huang, C.P. (2011). Selective adsorption of oxyanions on activated 1550 
carbon exemplified by Filtrasorb 400 (F400). Sep. Purif. Technol. 77, 294-300. 1551 
 66 
 
Makris, K.C., Harris, W.G., O’Connor, G.A., and El-Shall, H. (2005). Long-term phosphorus 1552 
effects on evolving physicochemical properties of iron and aluminium hydroxides. J. 1553 
Colloid Interface Sci. 287, 552-560. 1554 
Marshall, W.E., and Wartelle, L.H. (2004). An anion exchange resin from soybean hulls. J. 1555 
Chem. Technol. Biotechnol. 79, 1286-1292. 1556 
Masue, R.H., Loeppert, T.A., Kramer, T.A. (2007). Arsenate arsenite adsorption and 1557 
desorption behaviour on coprecipitated aluminium:iron hydroxides. Environ. Sci. 1558 
Technol. 41, 837-842. 1559 
Mezenner, N.Y., and Bensmaili, A. (2009). Kinetics and thermodynamic study of phosphate 1560 
adsorption on iron hydroxide-eggshell waste. Chem. Eng. J. 147, 87-96. 1561 
Midorikawa, I., Aoki, H., Omori, A., Shimizu, T., Kawaguchi, Y., Katsusai, K., and 1562 
Murakami, T. (2008). Recovery of high purity phosphorus from municipal wastewater 1563 
secondary effluent by a high-speed adsorbent. Water Sci. Tech. 58, 1601-1607. 1564 
Mohan, D., and Pittman Jr, C.U. (2007). Arsenic removal from water/wastewater using 1565 
adsorbents-A critical review. J. Hazard. Mater. 142, 1-53. 1566 
Montes-Hernandez, G., Concha-Lozano, N., Renard, F., and Quirico, E. (2009). Removal of 1567 
oxyanions from synthetic wastewater via carbonation process of calcium hydroxide: 1568 
Applied and fundamental aspects. J Hazard. Mater. 166, 788-795. 1569 
Morse, G.K., Brett, S.W., Guy, J.A., and Lester, J.N. (1998). Review: Phosphorus removal 1570 
and recovery technologies. Sci. Total Environ. 212, 69-81. 1571 
Mueller, D.K., and Helsel, D.R. (1996). Nutrients in the Nation's Waters--Too Much of a 1572 
Good Thing? U.S. Geological Survey Circular 1136, 24 p. 1573 
 67 
 
Nagamine, S., Ueda, T., Masuda, I., Mori, T., Sasaoka, E., and Joko, I. (2003). Removal of 1574 
phosphorus from wastewater by crystallization on the surface of macroporous TiO2 1575 
with a fibrous microstructure. Ind. Eng. Chem. Res. 42, 4748-4752. 1576 
Namasivayam, C., and Sangeetha, D. (2004). Equilibrium and kinetic studies of adsorption of 1577 
phosphate onto ZnCl2 activated coir pith carbon. J. Colloid Interface Sci. 280, 359-365.  1578 
Oguz, E. (2005). Sorption of phosphate from solid/liquid interface by fly ash. Colloids 1579 
Surfaces A. Physicochem. Eng. Aspects 262, 113-117. 1580 
Omori, A., Midorikawa, I., Aoki, H., and Shimizu, T. (2007). High efficiency adsorbent 1581 
system for phosphorus removal and recovery. 4th IWA Leading-Edge Technology 1582 
Conference and Exhibition on Water and Wastewater Technologies. Poster presentation 1583 
(P38). 1584 
Ou, E., Zhou, J., Mao, S., Wang, J., Xia, F., and Min, L. (2007). Higly efficient removal of 1585 
phosphate by lanthanum-doped mesoporous SiO2. Colloids Surfaces A. Physicochem. 1586 
Eng. Aspects 308, 47-53. 1587 
Ouvrard, S., Simonnot, M., and Sardin, M. (2002). Reactive behaviour of natural manganese 1588 
oxides toward the adsorption of phosphate and arsenate. Ind. Eng. Chem. Res. 41, 2785-1589 
2791. 1590 
Pan, B. Wu, J., Pan, B., Lv, L., Zhang, W., Xiao, L., Wang, X., Tao, X., Zheng, S. (2009). 1591 
Development of polymer-based nanosized hydrated ferric oxides (HFOs) for enhanced 1592 
phosphate removal from waste effluents. Water Res. 43, 4421-4429.  1593 
Parfitt, R.L. (1989). Phosphate reactions with natural allophane, ferrihydrite and goethite. J. 1594 
Soil Sci. 40, 359-369. 1595 
 68 
 
Park, W.H., and Polprasert, C. (2008). Roles of oyster shells in an integrated constructed 1596 
wetland system designed for P removal. Ecol. Eng. 34, 50-56. 1597 
Park, K.Y., Song, J.H., Lee, S.H., and Kim, H.S. (2010). Utilisation of a selective adsorbent 1598 
for phosphorus removal from wastewaters. Environ. Eng. Sci. 27, 805-810. 1599 
Peleka, E.N., and Deliyanni, E.A. (2009). Adsorptive removal of phosphates from aqueous 1600 
solutions. Desalination 245, 357-371. 1601 
Pollard, S.J.T., Fowler, G.D., Sollars, C.J., and Perry, R. (1992). Low cost adsorbents for 1602 
waste and wastewater treatment: a review. Sci. Total Environ. 116, 31-52. 1603 
Pradhan, J., Das, J., Das, S., and Thakur, R.S. (1998). Adsorption of phosphate from aqueous 1604 
solution using activated red mud. J. Colloid Interface Sci. 204, 169-172. 1605 
Pratt, C., Shilton, A., Pratt, S., Haverkamp, R.G., and Bolan, N.S. (2007). Phosphorus 1606 
removal mechanisms in active slag filters treating waste stabilization pond effluent. 1607 
Environ. Sci. Technol. 41, 3296-3301. 1608 
Rentz, J.A., Turner, I.P., and Ullman, J.L. (2009). Removal of phosphorus from solution 1609 
using biogenic iron oxides. Water Res. 43, 2029-2035. 1610 
Riahi, K., Thayer, B.B., Mammou, A.B., Ammar, A.B., and Jaafoura, M.H. (2009). 1611 
Biosorption characteristics of phosphates from aqueous solution onto Phoenix 1612 
dactylifera L. date palm fibers. J. Hazard. Mater. 170, 511-519. 1613 
Rittmann, B.E., Mayer, B., Westerhoff, P., and Edwards, M. (2011). Capturing the lost 1614 
phosphorus. Chemosphere 84, 846-853. 1615 
Roques, H., Nugroho-Jeudy, L., and Lebugle, A. (1991). Phosphorus removal from 1616 
wastewater by half-burned dolomite. Water Res. 25, 959-965. 1617 
 69 
 
Ryden, J.C., McLaughlin, J.L., and Syers, J.K. (1977). Mechanisms of phosphate sorption by 1618 
soils and hydrous ferric oxide gel. J. Soil Sci. 28, 72-92. 1619 
Saha, B., Chakraborty, S., and Das, G. (2009). A mechanistic insight into enhanced and 1620 
selective phosphate adsorption on a coated carboxylated surface. J. Colloid Interface 1621 
Sci. 331, 21-26. 1622 
Sakadevan, K., and Bavor, H.J. (1998). Phosphate adsorption characteristics of soils, slags 1623 
and zeolite to be used as substrates in constructed wetland systems. Water Res. 32, 393-1624 
399. 1625 
Sansalone, J.L., and Ma, J. (2009). Parametric evalution of batch equilibria for storm-water 1626 
phosphorus adsorption on aluminium oxide media. J. Environ. Eng. ASCE , 737-746. 1627 
Schumacher, K., Grün, M., and Unger, K.K. (1999). Novel synthesis of spherical MCM-48. 1628 
Microporous Mesoporous Mater. 27, 201-206. 1629 
Seida, Y., and Nakano, Y. (2002). Removal of phosphate by layered double hydroxides 1630 
containing iron. Water Res. 36, 1306-1312. 1631 
Shi, Z., Liu, F., and Yao, S. (2011). Adsorptive removal of phosphate from aqueous solutions 1632 
using activated carbon loaded with Fe(III) oxide. New Carbon Materials 26, 299-306. 1633 
Shilton, A.N., Elmetri, I., Drizo, A., Pratt, S., Haverkamp, R.G., and Bilby, S.C. (2006). 1634 
Phosphorus removal by an ‘active’ slag filter-a decade of full scale experience. Water 1635 
Res. 40, 113-118. 1636 
Sparks, D.L. (2001). Elucidating the fundamental chemistry of soils: past and recent 1637 
achievements and future frontiers. Geoderma 100, 303-319. 1638 
Streat, M., Hellgardt, K., Newton, N.L.R. (2008). Hydrous ferric oxide as an adsorbent in 1639 
 70 
 
water treatment: Part 3: Batch and mini-column adsorption of arsenic, phosphorus, 1640 
fluorine and cadmium ions. Process Safety Environ. Protect. 86, 21-30.  1641 
Trivedi, P., and Axe, L. (2006). Long-term fate of metal contaminants in soils and sediments: 1642 
role of intraparticle diffusion in hydrous metal oxides. In: Hamon, R.,  McLaughlin, M., 1643 
and Lombi, E. (eds.), Natural Attenuation of Trace Element Availability in Soils. CRC 1644 
Taylor and Francis Group, New York, pp. 57–71. 1645 
Tsuji, K., Midorikawa, I., Aoki, H., Omori, A., Shimizu, T., and Hashimoto, T. (2011). Pilot 1646 
testing of a high efficiency adsorbent system for phosphorus removal and recovery 1647 
from municipal wastewater secondary effluent. Proceed. Water Environ. 1648 
Federation/IWA Nutrient Recovery Manage. Conf., 1205-1213. 1649 
Ugurlu, A., and Salman, B. (1998). Phosphorus removal by fly ash. Envieon. Internat. 24, 1650 
911-918. 1651 
Urano, K., Tachikawa, H., and Kitajima, M. (1992a). Process development for removal and 1652 
recovery of phosphorus from wastewater by a new adsorbent. 1. Preparation method 1653 
and adsorption capability of a new adsorbent. Ind. Eng. Chem. Res. 30, 1893-1896. 1654 
Urano, K., Tachikawa, H., and Kitajima, M. (1992b). Process development for removal and 1655 
recovery of phosphorus from wastewater by a new adsorbent. 3. Desorption of 1656 
phosphate and regeneration of adsorbent. Ind. Eng. Chem. Res. 31, 1510-1513. 1657 
Urano, K., Tachikawa, H., and Kitajima, M. (1992c). Process development for removal and 1658 
recovery of phosphorus from wastewater by a new adsorbent. 4. Recovery of phosphate 1659 
and aluminium from desorbing solution. Ind. Eng. Chem. Res. 31, 1513-1515. 1660 
Van Kauwenbergh, S.J. (2010). World Phosphate Rock Reserves and Resources. IFDC 1661 
Publication, Alabama, USA. 1662 
 71 
 
Vollenweider, R.A. (1968). The Scientific Basis of Lake and Stream Eutrophication, with 1663 
Particular Reference to the Phosphorus and Nitrogen as Eutrophication Factors. 1664 
Technical Report DAS/SCI/68, 27, OECD, Paris. 1665 
Wahab, M.A., Hassine, R.B., and Jellali, S. (2011). Removal of phosphorus from aqueous 1666 
solution by Posidonia oceanica fibers using continuous stirring tank reactor. J. Hazard. 1667 
Mater. 189, 577-585. 1668 
Wang, S., Ang, H.M., Tadé, M.O. (2008). Novel applications of red mud as coagulant, 1669 
adsorbent and catalyst for environmentally benign processes. Chemosphere 72, 1621-1670 
1635. 1671 
Wang, J., Zhang, Y., Feng, C., Li, J., and Li, G. (2009). Adsorption capacity for phosphorus 1672 
comparison among activated alumina, silica sand and anthracite coal. J. Water 1673 
Resource Protect. 4, 260-264. 1674 
Weiner, E.R. (2008). Applications of Environmental Aquatic Chemistry. CRC Press, Taylor 1675 
and Francis Group, Florida. 1676 
Westholm, L.J. (2006). Substrates for phosphorus removal-Potential benefits for on-site 1677 
wastewater treatment? Water Res. 40, 23-36. 1678 
Xu, Y., Dai, Y., Zhou, J., Xu, Z.P., Qian, G., and Lu, G.Q.M. (2010a). Removal efficiency of 1679 
arsenate and phosphate aqueous solution using layered double hydroxide materials: 1680 
intercalation vs. precipitation. J. Mater. Chem. 20, 4684-4691. 1681 
Xu, X., Gao, B., Yue, Q., and Zhong, Q. (2010b). Preparation of agricultural by-product 1682 
based anion exchanger and its utilisation for nitrate and phosphate removal. Bioresour. 1683 
Tech. 101, 8558-8564. 1684 
 72 
 
Xu, X., Gao, B., Yue, Q., and Zhong, Q. (2011). Sorption of phosphate onto giant reed based 1685 
adsorbent: FTIR, Raman spectrum analysis and dynamic sorption/desorption properties 1686 
in filter bed. Bioresour. Tech. 102, 5278-5282. 1687 
Xue, Y., Hou, H., and Zhu, S. (2009). Characteristics and mechanisms of phosphate 1688 
adsorption onto basic oxygen furnace slag. J. Hazard. Mater. 162, 973-980. 1689 
Yan, L., Xu, Y., Yu, H., Xin, X., Wei, Q., and Du, B. (2010). Adsorption of phosphate from 1690 
aqueous solution by hydroxyl-aluminum, hydroxyl-iron and hydroxyl-iron-aluminium 1691 
pillared bentonites. J. Hazard. Mater. 179, 244-250. 1692 
Yang, J., Wang, S., Lu, Z., Yang, J., and Lou, S. (2009). Converter slag-coal cinder columns 1693 
for the removal of phosphorous and other pollutants. J. Hazard. Mater. 168, 331-337. 1694 
Yeoman, S., Stephenson, T., Lester, J.N., and Perry, R. (1988). The removal of phosphorus 1695 
during wastewater treatment: A review. Environ. Pollut. 49, 183-233. 1696 
Yin, C.Y., Aroua, M.K., and Daud, W.M.A.W. (2007). Review of modifications of activated 1697 
carbon for enhancing contaminant uptakes from aqueous solutions. Sep. Purif. Technol. 1698 
52, 403-415. 1699 
Yu, Y., Wu, R., and Clark, M. (2010). Phosphate removal by hydrothermally modified fumed 1700 
silica and pulverized oyster shell. J. Colloid Interface Sci. 350, 538-543. 1701 
Yue, Q., Wang, W., Gao, B., Xu, X., Zhang, J., and Li, Q. (2010a). Phosphate removal from 1702 




Yue, Q., Zhao, Y., Li, W., Gao, B., Han, S., Qi, Y., and Yu, H. (2010b). Research on the 1705 
characteristics of red mud granular adsorbents (RMGA) for phosphate removal. J. 1706 
Hazard. Mater. 176, 741-748. 1707 
Yunusa, I.A.M., Loganathan, P., Nissanka, S.P., Manoharan, V., Burchett, M.D., Skilbert, C G., and 1708 
Eamus, D. (2012). Application of coal fly ash in agriculture: a strategic perspective. Critical 1709 
Rev. Environ. Sci. Technol.42, 559-600. 1710 
Zach-Maor, A., Semiat, R., and Shemer, H. (2011). Synthesis, performance, and modelling of 1711 
immobilized nano-sized magnetite layer for phosphate removal. J. Colloid Interface 1712 
Sci. 357, 440-446. 1713 
Zeng, L., Li, X., and Liu, J. (2004). Adsorptive removal of phosphate from aqueous solutions 1714 
using iron tailings. Water Res. 38, 1318-1326. 1715 
Zhang, G., Liu, H., Liu, R., and Qu, J. (2009). Removal of phosphate from water by a Fe-Mn 1716 
binary oxide adsorbent. J. Colloid Interface Sci. 335, 168-174. 1717 
Zhang, L., Wan, L., Chang, N., Liu, J., Duan, C., Zhou, Q., Li, X., and Wang, X. (2011). 1718 
Removal of phosphate from water by activated carbon fiber loaded with lanthanum 1719 
oxide. J. Hazard. Mater. 190, 848-855. 1720 
Zhou, J., Xu, Z.P., Qiao, S., Liu, Q., Xu, Y., and Qian, G. (2011). Enhanced removal of 1721 
triphosphate by MgCaFe-Cl-LDH: Synergism of precipitation with intercalation and 1722 
surface uptake. J. Hazard. Mater. 189, 586-594. 1723 
Zhou, Y., and Haynes, R.J. (2011). Sorption of heavy metals by inorganic and organic 1724 
components of solid wastes: Significance to use of wastes as low-cost adsorbents and 1725 




List of Tables 1728 
Table 1 .  Comparison between non-specific and specific anion sorption processes (Bolan et 1729 
al. 1999) 1730 
Table 2. Characteristics of sorptive removal of phosphate from water by inorganic sorbents 1731 
Table 3. Characteristics of sorptive removal of phosphate from water by organic sorbents 1732 
Table 4. Characteristics of sorptive removal of phosphate from water by industrial by-1733 
products 1734 
Table 5. Characteristics of sorptive removal of phosphate from water by biological wastes 1735 
Table 6. Thermodynamic parameters for phosphate sorption by different sorbents 1736 
Table 7. Phosphate desorption and sorbent regeneration  1737 





List of figures 1741 
 1742 
Fig. 1. Key characteristics of common technologies for phosphate removal from wastewater 1743 
sources 1744 
Fig. 2. Schematic illustration of different phosphate sorption mechanisms  1745 
Fig. 3.  Electrophoretic mobility of goethite in the absence and presence of phosphate in 0.01 1746 
M KNO3 solutions indicating the shift in ZPC/IEP of goethite with phosphate sorption 1747 
(redrawn from Antelo et al. (2005))  1748 
Fig. 4.  Schematic illustration of (a) mass transfer zone and (b) breakthrough curve in column 1749 
sorption systems (redrawn from Faust and Aly (1987)) 1750 
Fig. 5. A schematic representation of concentrations in sorbed and solution phases with time 1751 
in batch and column sorption systems (redrawn from Kookana et al. (1999)) 1752 
Fig. 6 Schematic illustration of the system for phosphate removal/recovery, regeneration of 1753 
Layered double hydroxide, and regeneration of desorption solution (redrawn from 1754 








Table 1 .  Comparison between non-specific and specific anion sorption processes (Bolan et 1761 
al. 1999) 1762 
Non-specific sorption Specific sorption 
 
Electrostatic attraction between the negatively 




Chemical bond formation between the anions and the 
ions on the sorbent surface. 
Balances the positive charges on the surface and 
hence no new charges are added to the surface. 
 
Adds negative charge to the surface and the number of 
negative charges added is generally less than the anion 
charge. 
Significant sorption occurs only when the  
sorbent  is net positively charged. 
 
Sorption occurs even when the surface is net  
negatively charged. 
Sorption depends on the number of positive 
 charges (anion exchange capacity) on the surface. 
 
Sorption exceeds the anion exchange capacity  of    
 the sorbent. 
In variable charge sorbent, the sorption is  
high at low pH and decreases with an increase in    
pH. 
 
Sorption occurs over a wide range of pH values. 
Sorption is weak and reversible. 
 

























ht, height; d, 
diameter; FL, 
flow rate 
Sorption capacity (mg/g) and other 
results 
Best kinetic 








Metal oxides and hydroxides 
 
Goethite B;  
S 
5.0, 6.7; 
25, 45, 65 
I, 10;        
0.1-1.0 
Langmuir sorption max: 25oC, 144; 













4-10;     
20 
I,  0.01-10; 
0.002-0.2  
Phosphate removal 4-20 mg P/g; 
Phosphate removal not altered between 
pH 4 to 8, above 8 it increased 









I, 0.33, 50; 
0.05, 0.1 
Synthetic water: sorption decreased 
from pH 2 to 10. Max sorp. 24; Sea 
water: increased from pH 2 to 7 and 
then decreased up to 10. Max sorp. 11 









I, 0.33, 50; 
0.05, 0.1 
Synthetic water: sorp. decreased from 
pH 2 to 10. Max sorp 28; Sea water: 
increased from pH 2 to 7 and then 
decreased up to 10. Max sorp. 9 
 
 












25, 45, 65 
E, 0-250;   
0.5 
Langmuir sorp. max: 250C, 60; 45oC, 













25, 45, 65 
E, 0-250;   
0.5 
Langmuir sorp. max.: 250C, 451; 45oC, 

















B, E, 0-3.5; 
0.04-4. 
C, I, 0.3;2.5 
cm d, 20 cm 
ht, 1.6-17 
BV/h 
B, Langmuir sorp. max, pH 5.5 = 23, 
pH 8.2 = 17 
C, complete breakthrough 31, 500 BV 












B, E, 0-3.5; 
0.04-4. 
C, I, 0.3;    
2.5 cm d, 20 
cm ht, 1.6-17 
BV/h 
B, Langmuir sorp. max, pH 5.5 = 14, 
pH 8.2 = 12. 
C, complete breakthrough 21, 000 BV 






6.9-7.1;              I, 0.5-10;      
5 










I, 500;         
5-40 
Langmuir sorp. max, 145 mg P/g Fe or 














Sea water    
1-10; 0.05 
S  0.3; 0.006-
0.2 
Freundlich: synthetic water (pH 5.0) 30; 
max sorp. at pH 2, then decreased up to 
pH 10. Sea water (pH 7.7) 10. Sorp. 
increased from pH 2 to 6 and then 
decreased to pH 10 
 












I, 0-100;       
1 
Langmuir sorp. max 13.65 (at pH 4). 
Max sorp. at pH 3, then decreased 
continuously to pH 10 
Pseudo-
second order 












Max sorp. between pH 3 and 5; At pH 4 
it was 40 
Pseudo-
second order 










I, 2-40;     
667 
Langmuir sorp. max 33, Freundlich 
sorp. max 27; Max sor.p at pH 3-4 then 
continue to decrease to pH 10 
Pseudo-
second order 









S: I, 9; 
W: I, 1.7-2.4 
20 BV/h 
S: breakthrough sorp. Capacity 12 
W: breakthrough sorp. Cap. 8.4 
- - Omori et al. 
(2007) 
 
Calcium, magnesium carbonates 
 
Limestone (+ 





I, 6-25;              94% P removal from 20 mg P/L at pH 
range 2-13; Langmuir sorp. max for 
















I, 5-25;        
20 
Increased % P removal (30 to 90%) 
with increase P conc. From 10 to 25 
mg/L. Sorp. capacity at 25 mg/L was 
0.3 mg P/g (pH 8.5) 










I, 5-25;       
20 
P removal % constant (10%) with 
increase P conc. Sorp. capacity at 8 mg 
P/L was 0.1 mg P/g (pH 8.5) 









I, 3.3-33;      
2 
Increased conc. 10 to 100 mg P/L, 
increased sorp. 1 to 15 mg P/g. 
Increased pH, increase sorp. Calcination 
to 3500C decreased sorp. 












I, 100; 5-100, 
13 cm ht, 15 
cm d 
Freundlich sorp. max 10 mg P/g (pH 
8.5) 
- Freundlich Roques et al. 
(1991) 
 








E, 0-150; Modified Langmuir sorp. max 47.3 - Modified 
Langmuir 










I, 1-6;          
0-4 
Sorp. capacity: Zn-Al » Mg-Fe, Zn-Fe » 
Cu, Ni, Co combinations 
Pseudo-
second order 










I, 20;          
0.4 
Raw 27 increased with calcining temp. 
up to 3000C with a value of 41 and then 
decreased with temp. of 400oC, 5000C 
and lowest of 27 at 600oC 
Pseudo-
second order 









5.1; I, 5; 124 Distribution coefficient (Kd) was 
highest for ZnAl-NO3
- (>106 ml/g) and 
calcined ZnAlCO3
2-LDHs (>104 ml/g) 













I, 1-1500;      
5 
 
I, 0.2; 0.2g, 
1mm ht, 20 
ml/h FL 
B: pH 8.4 Langmuir sorp. max, MgFe 
15.5, CaFe 28.8. pH 6.9, > 50-70 
 
C: > 80% removal for 3000 times feed 
volume than the sorbent volume 










I, 0-45;      
0.2 
Maximum sorp. capacity MgFeCl LDH 
10.5 















S, sea water 
4-10; 
- 
I, 1-30;  
1 
S: pH 4 sorp. capacity 77, at pH 10 it 
was 20. Sea water, 26-30 at pH 3.5-6, 
and 4 at pH > 7. Sorp. capacity > than 
MgAlLDH and ZrO2 










I, 200;  
1 
Sorp. capacity at pH 5.5, ZnAl LDH 9, 
ZnAlZr LDH 99. Max sorp. of 110 at 
pH 2.3 decreased to 80 at pH 7 and 
further to 10 at pH 10-12 for ZnAlZr 
LDH 











15cm d, 1.5 
m ht 
Max. average removal 96% over 83d. 
Effluent 0.14-0.5 mg/L for residence 
time(RT) >40 h. For <40h 39% removal 












I, 0.5; FL, 
43 L/m2.min 
Langmuir sorp. max. 0.04 
 
Sorp. capacity < 0.004 (empty bed 
contact time 2.6 min) 










120 cm ht 
4.5 cm d 
Residence 
time 35 min 
After 214 h, 
0.25-1mm Tephra 
Removed 2.6 (8.6) 
0.1-2 mm, 1.6 (58%) 












20 cm ht, FL, 
1.2 mL/min 
After 54 d, Tephra 1 adsorbed 8 (97% 
removal)  
Tephra 2 sorbed 4 (52% )    





























Sorp. capacity (mg/g) and other results Best kinetic 
















I, 3-31;  
2 
Langmuir sorp. max 3.2 - Langmuir Mahmudov 
and Huang 
(2011) 










I, 0.5; FL 
43 L/m2.min 
Langmuir sorp. max. 0.4 
 
Sorp. capacity 0.11 (empty bed contact 
time 2.6 min) 











I, 70-400; 0.8 Langmuir sorp. max at pH 3.0, AC, 2.5, 
AC + Fe, 3.2. AC + Fe sorp. abruptly 
decreased from pH 2 to 5 and then 
slowly to pH 12. Sorp. optimum at 15 
mg Fe/g AC 
Pseudo-
second order 










I, 3.1; 12 cm 
ht, 2.5 m/h 
FL 
For 1950 bed volumes, 50-90% P 
removal by Purolite A500P and 10-30% 
by Purolite A520E 

























B:sorp. capacity, pH 3 (201); decreased 
continuously to pH 9 (100). In the 
presence of sulphate, sorp. at pH 5 (5); 
pH 7 (60); pH 9 (10). 
.C: Breakthrough capacity 26-44. 










   - ; 
20 
 
   - ; 
20 
I, 17-170;  
2 
 
I: 20, 25; 1; 
FL, 5 ml/min 
Langmuir sorp. max 15 
 
Column sorp. capacity 13-14 









I, 50;  
0.4-4 
Max sorp. at pH 6 

















I, 50;  
0.5-16 
Maximum sorp. at pH 4-9 
Langmuir sorp. max 11 
Pseudo-
second order 






















I, 100-700;  
1-10 
Maximumsorp. at pH 4-6 

































Sorp. capacity (mg/g) and other results Best kinetic 














E, 0-6.2;  
2 
Percentage removal decreased with pH 
Langmuir sorp. capacity at pH 5.2 was 
22.5 












Maximum sorp. at pH 7 
Langmuir sorp. capacity: raw red mud, 
38; 700oC heated red mud, 113; 
acidified red mud, 54 









17, 27, 37 
I, 50; 
4 
Maximum sorp. capacity of 2-6 at 
granule cintering temperatures of 980-
1080oC 











Maximum sorp. at pH 5-6 
Langmuir sorp. capacity at pH 5.2, 15; 
at pH 6.2, 14; pH 9, 6 
Pseudo first 
order 






















At E = 10, sorp. capacity 0.1-0.8 
depending on amorphous or crystalline 
slag and fineness of slag 















Langmuir sorp. max BFS 29, BFS/L 




















Sorp. increased with pH (pH 2, 5; pH 5-
12, 8) 
Maximum effective removal 8.4 after 
306 days 










Langmuir sorp. max (pH 7-7.2): slag 
milled 20, acidified 14, original 11. 




Xue et al. 
(2009) 






I, 7, 17, 33; 
- 
Amount of P sorbed for 7, 17, and 33 
mg P/L solutions were 4.3, 11.9 and 6.6 
respectively 










I, 27, 33, 43; 
1.6 
Maximum sorp. capacity 24 - - Oguz (2005) 
Fly ash (pH 








Langmuir sorp. max. Fly ash pH 7.7, 















Langmuir sorp. max. 30-36 - Freundlich Lu et al. 
(2009) 
Fly ash (Type 






I, 17. 33; 
- 
Phosphate removal of 100% and 70% 
for 17 and 33 mg P/L, respectively 
- - Grubb et al. 
(2000) 









Langmuir sorp. max.: raw fly ash, 21; 
fly ash heated to 700oC, 20; Fly ash 
acidified, 26 















Langmuir sorp. max: pH 4 = 32; pH 7 = 























50; 2.5 cm d, 
25 cm ht  
Langmuir sorp. max. (pH 6.6-6.8) 8; 
Sorp. 8.3(pH3) decreased to 5 at pH 10. 
Effluent concentration of total and 




































Sorp. capacity (mg/g) and other results Best kinetic 



















Initial P conc. Dropped by 12% on 3rd 
day, by 17th day by 36%. Sorp. capacity 
0.32 
- - Chen et al. 
(2010) 
Date palm 







Sorp. capacity decreased from 8 to 3 
with increased pH 
- - Riahi et al. 
(2009) 
Aleppo pine 








Optimum pH for sorp. 7.5 but not much 
change between pH 3.5 and 10.6. 















Sorption did not change between pH 2 
and 4.5, but decreased below pH 2. 

















Langmuir sorp. max. 11-40 Pseudo first 
order 

































98% P removed in 30 min. Final P conc. 
< 0.2 mg/L. Initial pH 7.2, final pH 11.6 












20cm ht, 1 g, 
5ml/min FL 
Column sorp. capacity: GR, 0.3; 
modified GR, 18. Maximum sorp. 
capacity at pH 4-8. 





Table 6. Thermodynamic parameters for phosphate sorption by different sorbents 












-26.5    -23.6    -21.9    -20.0 
 20        30         40        50 





pine saw dust 
-0.77    -1.35    -1.93    -3.09 
 20        30         40        60 
16.2 32 Benyoucef and 
Amrani (2011) 
Iron oxide loaded 
activated carbon 
-3.8      -5.3      -10.6    
 18        30         50         













-3.7      -4.4      -4.8    
 30        40         50    
 
-4.2      -4.7      -4.9    
 30        40         50     
 
-3.6      -3.9      -4.4    



















-13.4    -14.3    -15.1    
 20        40         60         
-0.91 24 Yue et al. (2010a) 
Iron hydroxide-
eggshell waste 
-0.27    -2.66    -5.75    -7.19 
 20        25         35        45 












 25        45         65 
 
 25        45         65 
 












-15.6    -16.8     
 25        50                 






-2.3      -1.6      -1.0    
 25        45         65      
 
-7.1      -6.0      -5.6    



















Table 7. Phosphate desorption and sorbent regeneration 
Sorbent 
 (batch (B), column 
(C) method used) 
Desorption/regeneration 
reagent (BV, bed volume; d 
and ht, column diameter and 
height; FL, flow rate 
 Results Reference 
FVA anion 
exchange fibres (C) 
 
BV 2.4 ml (0.5 g). 1.3 cm d. 
1 M HCl. FL 10/h.  
At 20 BV FVA-f and 50 BV 
FVA-c 98-102% desorp. 





P- loaded sorbent washed 
with 0.02M NaOH (20 min) 
100% desorbed. Repeated use 
reduced ads. capacity to 75% 
Delaney et al. 
(2011) 
Purolite anion 
exchange resin (C) 
 
2 cm d, 6 cm ht, vol., NaCl, 
2.5 m/h FL.  
1% NaCl (20 BV) / 2-3% 
NaCl (4 BV) desorp. 95-97% 





0.1 g/50 ml 0.001-0.1 M 
NaOH, 2 h shaking  
60 to 99% desorp. with 




giant reed (C) 
1.2 cm d, 20 cm ht (I g). 






Xu et al. 
(2011) 
Amine grafted 
wheat straw (B) 
 
0.25 g in 50 ml 0.1 M HCl 
or 0.1 M NaCl shaken 2 h 
4 adsorp./desorp. cycles: HCl, 
87-98% desorp.NaCl 87-95% 
Xu et al. 
(2010b) 
Zr oxide loaded 
MgFe LDH (C)  
 
0.5 g sorbent; 200 ml 0.05 
M NaOH. FL 0.5 cm3/min 
Cycle 1: 90% desorp.; Cycles 
2-10, 92-94% desorp. 





0.1 g + 20 ml 0.1 M NaOH 
+ 4 M NaCl. 3 d shaking  
5 sorp./desorp. cycles:  ~ 
100% every cycle 





 NaCl conc.: 1 M, 3 M, and 
5 M  
100% 5M, 80% 3M, 40% 1M 
for 3 successive desorp. 




5% NaOH, NaCl, Na2CO3 
24 h interaction 
desorp:8% NaCl, 88% NaOH, 
NaCO3 40%. Regeneration 
(R): 60% after 6 cycles of 
sorp., desorp./R  by NaOH 
 




granular) (B), (C) 
Desorp. (B): 1 g + 50 ml 
NaCl, NaOH, NaCl+ NaOH 
Regeneration (R) (B): 15-
25% MgCl2 contact for 24 h 
R + reuse (C): 2 cm d, 19 
cm ht, FL 1.0/h. 10% NaCl 
+ 3% NaOH + 25% MgCl2 
Desorp. (B): 30% NaCl, 14%; 
3% NaOH, 40%; 10% NaCl + 
3% NaOH, 70% 
Regeneration (B): 25% 
MgCl2, 101%. Reuse (C): 
after 3 cycles, sorp. capacity 
75% of initial value, after 10 
cycles 60% 
 




0.3 g soaked in 25 ml 5% 
HNO3 for 24 h.  
Sorp. capacity maintained at 
least for one recycling 





coated alumina (B) 
 
1 g shaken with 50 ml of 
0.1-0.5 M NaOH for 30 min 
desorp. increased from 80 to 
100% for 0.1 to 0.5 M NaOH  





0.05 g shaken with 50 ml 
0.01-0.5 M NaOH for 24 h 
Desorp. 60% for 0.01 M, 
93% for both 0.1 M & 0.5 M   






5 g shaken with a litre 0.01 
M NaOH for 1 h. Acidified 
with HCl/repeated 4 cycles 
Desorp. complete in 10 min. 
No loss of sorp. capacity 
during the 5 cycles 
Hamoudi et al. 
(2007) 
Goethite (G), 
akaganeite (A)  
(B) 
0.5 g soaked in 200 ml 0.1 
M NaOH for 1 d 
After 1 cycle, G sorp. 33%. 
After 10 cycles, ‘A’ desorp. 
90%, regeneration 100% 
 





0.5 g soaked in 200 ml 0.1 
M NaOH for 1 d 
For 5 cycles, desorption rate 
82%, regeneration rate 90% 







0.25 or 0.5 g on glass beads 
bed. 0.6 M NaOH, 2.8 M 
NaOH or 3% H2O2 passed 
through for 17 or 68 h 
Regeneration most effective 
with 0.6 M NaOH for 3 
reloadings with phosphate 
Genz et al. 
(2004) 
Iron oxide tailings 
(B) 
 
0.2 g shaken with 100 ml 
0.01 M KCl for 24 h  






180 mL BV. 0.1-2.0 M 
NaOH , FL 15-90 mL/min 
(5-30/h space velocity) 
Regeneration: 1 BV 0.05 M 
H2SO4 + 0.5 M Al2(SO4)3 
circulated at FL 90 mL/min 
1 M NaOH at 90 mL/min 
most suitable, 80% desorp. 
 
Maintained  sorp. capacity of 
> 80% for 20 reuse cycles 







 Chemical precipitation 
 






 Most widely used  
 Low effectiveness, especially at 
low P concentration 
 Large amounts of chemicals 
required 
 Costs of chemicals, chemical 
storage and feeding system  
 Large volumes of waste sludge 
 Acid or alkali neutralisation of 
effluent required 
 Chemicals used may affect 







 Low effectiveness, especially at low 
P concentration 
 Low operational cost but 
infrastructural investment required 
 Low volumes of wastes 
 No chemicals usage 
 Simultaneous removal of both 
excess P and N 
 Highly skilled operation (strict 
anaerobic and aerobic conditions 
required) 
 Uncontrolled microbial growth 
 
     
 Constructed wetlands 
 
 Sorption/Ion Exchange  
  Low maintenance cost 
 Low-tech process 
 Practical in any location 
 Need land availability 
  Effective even at low P 
concentration 
 Flexible 
 Simplicity of design 
 
    Ease of operation  
 Electrodialysis 
 
  No waste production  
  Excellent removal when P is in 
ionic form 
 High capital cost 
 No waste production 
 No ion selectively 
  Can be costly, needs 
pretreatment, sorbent 
regeneration; can use low-cost 
sorbent (including certain waste 
materials) 
 Low selectivity against 
competing ions 
 
     
     
 Reverse osmosis 
 
 Nano filtration  
  Excellent removal 
 High capital cost 
 No waste production 
 No ion selectively 
 Very high energy cost 
 Some membranes pH sensitive 
   Excellent removal  
 High Capital cost 
 No waste production 
 No ion selectively 
 High to moderate energy cost 
 
    
 
 






 Physical sorption (Electrostatic attraction) 
 Weak sorption 
 Outer-sphere  complex 
 Very fast process 








 Chemical sorption  
 Strong sorption 
 Inner-sphere 
complex  
 Fast process 
 ZPC reduced (Fig. 5) 
 Not always 
reversible 
Hydrogen Bonding 
 Weak bonding between oxygen of adsorbent and hydrogen of sorbate and vice versa 
 Stronger than ion-exchange but weaker than ligand exchange 
 Inner-sphere complex formation 
 Fast process 





 Precipitation of phosphate with metallic 
atoms on sorbent surface 
 Fast process 







 Physical sorption inside pores and 
cavities of sorbent 
 Extremely slow process 
 Irreversible 








Fig. 3.  Electrophoretic mobility of goethite in the absence and presence of phosphate in 0.01 
M KNO3 solutions indicating the shift in ZPC/IEP of goethite with phosphate sorption 





Fig. 4. A schematic representation of concentrations in sorbed and solution phases with time 








Fig. 5.  Schematic illustration of (a) mass transfer zone and (b) breakthrough curve in column 














     
 
        
 










Regeneration  Regenerated 
LDHs 





        
   Desorption 
Solution 
 
Exhausted regeneration solution 




        
 










        
        
        
        
Fig. 6 Schematic illustration of the system for phosphate removal/recovery, regeneration of 
Layered double hydroxide, and regeneration of desorption solution (redrawn from 
Kuzawa et al. (2006)).  
  
 
NaOH supply 
